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Chapter 1. Introduction 1
1 Introduction
1.1 The history of graphene
In 2004, Andre K. Geim and Konstantin S. “Kostya” Novose¨lov published their results
from one of their “Friday night experiments” [1,2]. The very first idea was to prepare
graphite films as thin as possible to study potential electric field effects and other
properties. Their first attempts with a polishing machine to produce thin graphite
films were quite unsuccessful. Oleg Shklyarevskii, an expert in scanning tunneling mi-
croscopy, prompted the use of adhesive tape to access much smaller pieces of graphite.
With this technique Geim and Novose¨lov were the first to isolate a single layer flake
from graphite by mechanical exfoliation. That was the birth of the famous “Scotch
tape method” [3]. In 2010, both received the Nobel prize in physics for their work on
graphene.
Although Geim and Novose¨lov are credited with founding this new interesting research
area in 2004, some of the pioneering work was done as early as 145 years before. In
1859, Benjamin Brodie examined the reaction of graphite with strong oxidation agents
such as chlorates [4]. He described the product in the following way:
The substance has the following properties. It is insoluble in water containing acids
or salt, but is very slightly soluble in pure water. The crystals, placed upon litmus
paper, have a feeble acid reaction. [...] When a solution of sulphide of ammonium or
of potassium is poured upon the dry substance, a crackling sound is heard, and a body
is ultimately formed possessing the metallic lustre and general appearance of graphite
itself.
Due to these properties he labeled the material graphitic acid (not to be confused with
mellitic acid which is now referred to graphitic acid) and calculated a sum formula of
C11H4O5 (C/O ratio: 2.2). Retrospectively, it is clear that Brodie prepared the first
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sample of graphene oxide [2].
However, there is a drawback to this approach. As mentioned before, chlorate was used
as oxidation agent and therefore large quantities of ClO2 gas were generated during
the reaction. Due to this and in combination with the heating, explosions routinely
occurred. An improved method was developed by L. Staudenmaier in 1898 [5]. His
method rendered the heating step obsolete. Simultaneously, he reduced the reaction
time by introducing sulfuric acid into the mixture of nitric acid and potassium chlorate
used by Brodie. Finally, in 1958, Hummers and Offeman published their famous
method on the preparation of graphitic oxide without chlorate, using permanganate
instead [6]. The procedure continued to evolve today [7–9].
It is interesting to note that typical batches were produced in significantly different
quantities at that time, compared to today. For instance, Staudenmaier started with
25 g of graphite and added the large quantity of 450 g potassium chlorate. Hummers
and Offeman used 100 g of graphite and 300 g of potassium permanganate. Given that
today’s batches are of much smaller quantities [7–9]. This indicates that both methods
are scalable up to at least this magnitude.
Nearly 90 years after Brodie’s paper, Ruess and Vogt published the first evidence that
graphene consists of individual plates [10]. They used transmission electron microscopy
to examine the deflagration process of graphene oxide and found “thin, flat bodies
which resemble creased paper sheets”. The work was continued by Boehm et al. who
also suggested to label this material as “graphene” [11,12]. The term is a combination
of graphite and the suffix that refers to aromatic hydrocarbons such as benzene or
anthracene [2,12,13]. During this time, first preparations of epitaxial graphene (“graphitic
carbon”) on metal [14–16] and insulating substrates [17] were reported.
The first single layer flake prepared by Geim and Novose¨lov set off an avalanche of
interest and publications on the topic of graphene. Graphene gained popularity due
to its large thermal conductivity (3 000 W m-1 K-1), exhibiting the quantum Hall
effect at room temperature [18], having the highest possible surface-to-volume ratio
(2 600 m2 g-1), its high electron transfer rate (up to 200 000 cm2 V-1 s-1) [19], its
interesting mechanical properties [20,21], its exceptional thermal stability [22], and the
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possibility of high-sensitive detection [23,24]. Given these properties, graphene is an
attractive candidate in analytical chemistry, e.g. for biomedical applications [25].
Since 1859, many methods for preparation of graphene have been developed. In ad-
dition to mechanical exfoliation [1], graphene materials may be obtained by thermal
decomposition on SiC wafers [26], chemical vapor deposition [27], or chemical synthe-
sis [4–6,9,28–32]. The resulting nanomaterials have been characterized by a broad range
of optical [33–38], electrical [1,18,19,39], mechanical [8,40,41] and other methods [42–44].
Unfortunately, many of the materials synthesized have not been properly classified.
Each preparation method or even a slight modification of one parameter within in the
same method results in “graphenes” which differ in terms of chemical structure, shape,
size, number of layers and therefore, in their properties. This problem was previously
addressed [13], but remains unresolved. It is therefore critical to first classify graphene
materials before associating the materials with any application.
1.2 Classification
1.2.1 Definition of graphene
A collective definition of graphenes does not yet exist. Moreover, related terms are
often confused, e.g. graphite oxide and graphene oxide. Let us first have a look at the
term “graphene”. Most authors describe (rather than define) graphene as a material
“which consists of a single atomic sheet of conjugated sp2 carbon atoms” [45] or the
like [39,46–48]. IUPAC defines graphene as “a single carbon layer of the graphite structure,
describing its nature by analogy to a polycyclic aromatic hydrocarbon of quasi infinite
size” [49]. Recently, Chen et al. made another suggestion, that sheets of polyaromatic
hydrocarbons exceeding 100 nm in both directions should be called “graphene” [29].
However, these definitions are missing two important features of graphenes. These are
(a) its metallic nature (i.e. the lack of a band gap) [1] and (b) the fact that it should
consist of carbon and hydrogen only, in the ideal case. The latter is particularly striking
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when looking at literature data for the elemental composition of many graphenes.
Fractions of up to 30% of oxygen have been reported which is in clear contradiction
to the definitions previously cited.
The smallest possible aromatic structure that matches the definitions is a symmetrical
flake of 864 C-atoms, with an edge length of 2.9 nm, an area of 22 nm2 (see Figure 1.1),
with effectively no band gap [50,51]. Hence, this structure could be the smallest graphene
flake possible but is only a suggestion, of course.
Figure 1.1. Suggested smallest graphene structure: a symmetrical flake of 864 C atoms with an edge length of 2.9 nm
and an area of 22 nm2 with effectively no band gap. There are 11 additional rings around the center
benzene ring (red). The purple border marks the dimensions of the famous 222 C atoms graphite sheet
prepared at the workgroup of Klaus Mu¨llen [52].
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1.2.2 The graphene family
Several materials related to graphene are known. They have been obtained in synthesis
routes towards graphene. These include graphite oxide, graphene oxide and reduced
graphene oxide. This thesis referres to these materials as members of the “graphene-
family” that can be best described by the oxidation level of carbon and the number of
layers. Other (high-level) properties (e.g. conductivity or photoluminescence) depend
on these factors which makes this kind of categorization very useful.
Figure 1.2 illustrates a classification scheme of the graphene-family and the possible
routes from one material to another. Even the precursor materials, silicon carbide and
methane, fit into this scheme. “Top-down” synthesis routes run from top left to bottom
right, i.e. they start with a bulk material such as graphite or graphite oxide. The
nanomaterial is obtained by stepwise structural decomposition such as from graphene
oxide via reduced graphene oxide to graphene. The mechanical exfoliation route,
for example, leads from graphite (left) via layer-by-layer decomposition, resulting in
graphene (right). Both materials are placed on the same level on the ordinate, because
the oxidation level of carbon does not change during this process. In contrast, the
“bottom-up” methods run from bottom right to top left because the materials are
assembled layer-by-layer. For example, large areas of graphene can be constructed by
chemical vapor deposition of methane which has a lower oxidation level than graphene.
It does not possess a layer structure and thus it is shifted to the bottom right relative
to graphene.
This classification is also a useful starting point for making definitions because the
individual materials can be distinguished by oxidation state and the number of layers.
Therefore, this thesis suggests and uses the definitions given in Section 1.2.3. In
the following, these definitions are used even if a cited publication itself labels them
otherwise.
The exaggerated use of acronyms in the literature, all referring to the same materials,
is notable. Examples are CRGO, GO, RGO, GR, G, GNS, EG, GNP, CCG, GE, GP,
ERGO, GF, EGO, GS, GN, TRGO, CMG, FG, ERGNO, CRGNO, and the like. This
allows for a high risk of confusion (e.g. GO may stand for graphite oxide or graphene
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Figure 1.2. Classification of graphene family materials (also see Section 1.2.2). Routes: (1) Oxidation of graphite to
graphite oxide according to the Hummers, Staudenmeier or Brodie method [28]. (2) Stepwise exfoliation
of graphite oxide to give graphene oxide in aqueous colloidal suspensions by sonication and stirring [28].
(3) Reduction of graphene oxide by chemical reactions [28], thermal annealing [53], flash reduction [54],
enzymatic reduction [55] or electrodeposition [32]. (4) Mechanical exfoliation of graphite to give graphene
(tape method) [2]. (5) Oxidation of graphene sheets to graphene oxide. (6) Thermal decomposition of
a SiC wafer [26]. (7) Growth of graphene films by chemical vapor deposition [27]. (8) Total synthesis
routines with precursor molecules [29,52,56,57]. Group A includes graphene materials primarly used for
their electronic properties, group B for their optical properties.
oxide). In my opinion the words “graphite” and “graphene” are short enough and
do not require an acronym. Hence, in this work confusing acronyms are avoided for
graphene materials. All acronyms, abbreviations and terms used in this work are listed
in Section 1.4.
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1.2.3 Classification of graphene species
Table 1.1 shows definitions of the various graphene family materials as they are used
in this thesis. They are based on the suggested defintions and classifications in the
previous sections.
Table 1.1. Classification of graphene species as used in this work
Material Definition
Graphene Exactly one layer of a polycyclic aromatic hydrocarbon network, with
all carbon atoms hexagonally arranged in a planar condensed ring sys-
tem. It has a metallic character and consists solely of carbon and
hydrogen.
Graphene oxide Exactly one layer of a polycyclic hydrocarbon network, with all carbon
atoms hexagonally arranged in a planar condensed ring system. It has
various oxygen functional groups (CO, OH, COOH) and is partially
aromatic. It possesses a band gap greater than 1.5 eV. The band gap
depends on its oxidation level. The C:O ratio is between 2 and 3.
Reduced graphene oxide (rGO) Exactly one layer of a polycyclic hydrocarbon network, with all carbon
atoms hexagonally arranged in a planar condensed ring system. It has
an oxygen fraction of around or below 10%. It is mostly aromatic
and resembles graphene in terms of electrical, thermal and mechanical
properties.
Graphite “An allotropic form of the element carbon consisting of layers of hexa-
gonally arranged carbon atoms in a planar condensed ring system. The
layers are stacked parallel to each other in a three-dimensional crys-
talline long-range order. There are two allotropic forms with different
stacking arrangements, hexagonal and rhombohedral. The chemical
bonds within the layers are covalent with sp2 hybridization and with
a C-C distance of 141.7 pm. The weak bonds between the layers are
metallic with a strength comparable to van der Waals bonding only.” [49]
Graphite oxide A heterogenous material prepared by the oxidation of graphite. It can
be described as an assembly of many layers of graphene oxide.
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1.3 Motivation and aim of work
Several proof of principle and analytical concepts do exist (see Chapter 2) which
suggest graphene materials being extremely valuable tools for sensor applications.
The chemically derived variants, i.e. (reduced) graphene oxide, provide additional
benefits such as: processing in solutions, higher sensitivies for particular analytes, and
attraction and discrimination effects, as compared to pristine graphene (see Section 2.4
for a complete list). As such, this thesis is concerned with (reduced) graphene oxide
only.
Thus far, the materials themselves and their synthesis were only superficially examined.
Although very little detail about the mechanism and structure is known [58], many
pictured structure models may imply otherwise. However, “knowing your material” is
mandatory for optimal utilization, specific modifications and applications.
Hence, the intention of the thesis is to fill this gap by outlining the benefits of (reduced)
graphene oxide, characterizing both materials in detail and extensively investigating
the procedure and mechanism of the syntheses.
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1.4 Abbreviations, acronyms and terms
GO Graphene oxide
rGO Reduced graphene oxide
(r)GO Both graphene oxide and reduced graphene oxide
AFP α-fetoprotein
ATP Adenosine-5’-triphosphate
BRCA1 Breast cancer type 1 susceptibility gene/protein
CEA Carcinoembryonic antigen
DFT Density functional theory
DNA Desoxyribonucleic acid, ssDNA single stranded DNA, dsDNA double
stranded DNA
EGFR Epidermal growth factor receptor
ELISA Enzyme-linked immunosorbent assay
FET Field-effect transistor
ECL Electrochemiluminescence or electrogenerated chemiluminescence
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EEM excitation/emission matrix
GCE Glassy carbon electrodes
GOx Glucose oxidase
H2O ↓ “unfree” water; water which is immediately absorbed, e.g. by sulfuric
acid
HeLa type of cervical cancer cells; termed after Henrietta Lacks
HER2 Human epidermal growth factor receptor 2
HRP Horseradish peroxidase
ICP-OES Inductively coupled plasma optical emission spectrometry
ICP-MS Inductively coupled plasma mass spectrometry
IgG Immunoglobulin G
ITO Indium tin oxide (electrode)
LOD Limit of detection
K562 Type of leukemia cells
MCF-7 Type of breast cancer cells; termed after Michigan Cancer Foundation
MDA-231 Type of breast cancer cells; termed after M.D. Anderson
NADH Nicotinamide adenine dinucleotide
NHS N-Hydroxysuccinimide
NIH-3T3 Type of fibroblast cells; termed after National Institutes of Health
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FRET Fo¨rster resonance energy transfer
PB Prussian blue
PET Poly(ethylene terephthalate)
PSA Prostate specific antigen
QDs Quantum dots
SEC Size exclusion chromatography
SCE Saturated calomel electrode
SPR Surface plasmon resonance
SWCNT Single walled carbon nanotubes
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TMB Tetramethylbenzidine
TNT 2,4,6-Trinitrotoluene
WHO World Health Organization
XPS X-ray photoelectron spectroscopy
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2 Graphenes in chemical sensors and
biosensors
Note: All potentials given in this chapter are relative to the standard Ag/AgCl electrode
if not stated otherwise.
2.1 Overview
The following chapter gives an insight into the current state of the art of applying
graphene materials in chemical sensors and biosensors. A large amount of published
work (over 230 references) on this topic is discussed to reveal the individual benefits
(and flaws) of the members of the graphene-family.
A statistical evaluation (see Figure 2.1) shows that rGO is the material most commonly
used (68% of all publications), probably because of its easy access, scalable synthesis,
low cost and simple functionalization. In addition, rGO resembles pristine graphene in
terms of electrical, thermal and mechanical properties [1]. However, if one distinguishes
between different sensor types, it becomes clear that each material has its own field
of application. Pristine graphene is most used in the transistor sector (approximately
60%), but not used at all for luminescence sensors. In the latter application, solubility
and quenching (FRET) ability are required, for which the oxide groups are mandatory.
This clearly indicates that “graphene” is not one but, in fact, three materials, and that
one must select the material which is most suitable for the task.
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Figure 2.1. Statistical evaluation of the discussed work. Left: 68% of the published work use reduced graphene
oxide and only 14% use pristine graphene. Right: If divided into sensor types (a: plain sensors, i.e. non-
nanocomposite sensors; b: electro-chemical sensors; c: field effect transistor-based sensors; d: fluorescence-
based sensors; e: chemiluminescence-based sensors; f: colorimetric sensors) it becomes clear, that every
graphene material has is own application field. For instance, pristine graphene dominates the transistor-
based sensors whereas it is not represented at all in optical sensors (block d-f).
2.2 Plain sensors
“Plain sensors” are those where graphene materials have been used without any prior
modification. They are primarily used in electrochemical sensors, for example in elec-
trodes due to their excellent conductivity. Typically, they are adsorbed on a glassy
carbon electrode to increase the oxidation peak current and decrease of the oxidation
overpotential of an analyte [2].
The graphene family is well known for its high adsorption of gases, vapors, ions and
even uncharged organic species. Schedin et al. [3] claims graphene-based sensors “allow
the ultimate sensitivity such that the adsorption of individual gas molecules could be
detected”. The effect was used to sense gases such as NO2 [4–10], NH3 [8,11,12], CO [6],
hydrogen [13], oxygen [6], water vapor (humidity) [4,11,14] and volatile organic compounds
such as nonanal, octanoic acid and trimethylamine [11]. The limits of detection (LODs)
are in the lower ppm and ppb range if detected by conductivity or amperometry.
The low LODs are due to the low electrical noise of graphene devices compared to
those based on carbon nanotubes or semiconductor nanowires [11,15]. This is again
attributed to the two-dimensional nature of the material. The strong sensing re-
sponse is attributed to the charge transfer between the material and the adsorbed
gases or vapors [8]. A simple and impressive approach was reported by Dua et al. [16]
who used solutions of (reduced) graphene oxide in an inkjet printer to print it directly
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on poly(ethylene terephthalate) (PET). The films can be lifted off the PET surface
and then be used directly for conductometric sensing of vapors (Figure 2.2A). With
these materials, as low as 500 ppb of NO2 and of 6-25 ppm of Cl2 are detectable. The
films can be recovered by exposing them to 254 nm UV light. Unfortunately, these
sensors are not selective [3] and can only distinguish between electron-withdrawing and
electron-donating molecules [16].
Graphene oxide and reduced graphene oxide (rGO) possess functional groups (mainly
carboxy and hydroxy groups) on their surfaces which make them both fluoromet-
ric [17,18] and voltammetric [19] probes for pH. The pH-dependent fluorescence of
graphene oxide in the pH range from 1 to 10 does not depend on the excitation nor
the emission wavelength. This makes it a potential probe for sensing pH in extracel-
lular samples [17]. Lim et al. [19] discovered that rGO (“anodized graphene”) has a high
potentiometric pH sensitivity (51.3 mV/pH) that is close to the theoretical maximum
of 59.2 mV/pH. Pristine graphene, in contrast, shows a much weaker sensitivity to
pH (12.5 mV/pH). The presence of oxide groups relates to the pH-responsivity. The
functional groups of (reduced) graphene oxide can also complex metal cations such as
Cu2+, Pb2+, and Cd2+ which enable their (unselective) detection by anodic stripping
voltammetry in the 10-100 pM range [20].
Graphene-modified electrodes are also suitable for the voltammetric and amperometric
determination of redox active species such as hydrazine [21–23], hydrogen peroxide [2],
dopamine, ascorbic acid and uric acid [24–27], hydroquinone and catechol [28] and β-
nicotinamide adenine dinucleotide (NADH) [2,29] at nM to µM levels. Zhou et al. [2]
have compared the performance of electrodes modified with rGO to those with other
carbon materials (graphite and carbon nanotubes). Their study revealed that the
former give a higher sensitivity towards hydrogen peroxide in voltammetry. A limit of
detection (LOD) of 0.05 µM was found at a low overpotential of -0.20 V. Dopamine,
ascorbic acid, uric acid and acetaminophen do not interfere. This high selectivity
is claimed to be due to the formation of strong hydrogen bonds between hydrogen
peroxide and rGO.
Similar results were obtained by Chang et al. [24] who have demonstrated the simultane-
ous detection of uric acid and ascorbic acid by using screen-printed carbon electrodes
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Figure 2.2. (A) Procedure for sensor fabrication according to Dua et al. [16]. Inset shows two images of inkjet printed
sensors. Adapted with permission from ref. 16. Copyright (2010) Wiley-VCH Verlag GmbH & Co.
(B) A schematic diagram illustrating the suggested mechanism causing the improved voltammetric peak
separation and sensitivity in a sensor for uric acid and ascorbic acid using reduced graphene oxide.
Reprinted with permission from ref. 24. Copyright (2010) Elsevier.
modified with rGO. The improved performance in terms of peak separation and sensi-
tivity was compared to that of plain carbon and graphene oxide modified electrodes.
It illustrates that the presence of a nominal amount of functional groups on the surface
of the material is mandatory to form hydrogen bonds with the analytes (Figure 2.2B).
Both the strength of the bond and the distance of interaction site to the reaction center
influence the oxidation step and therefore the peak separation of ascorbic acid (19 mV
instead of 0.5 V) and uric acid (0.3 V instead of 0.5 V) with simultaneous doubling
of the peak current. Hydroquinone and catechol can also be sensed simultaneously [28]
by differential pulse voltammetry. The low LOD (15 and 10 nM, respectively) is at-
tributed to a significantly lower oxidation overpotential, fast electron-transfer kinetics,
and a good separation of the oxidation peaks (by about 112 mV) compared to bare
carbon electrodes. Interference by common metal ions, uric acid and ascorbic acid
is negligible. The same advantages apply to the amperometric determination of hy-
drazine. A sensing platform based on rGO [21] has an LOD of 1 µM of hydrazine, which
is 8-times better than a comparable platform based on using multiwalled carbon nan-
otubes. The method also was applied to determine acetaminophen (paracetamol) [30,31]
(LOD: 32 nM) and 2,4,6-trinitrotoluene (TNT) [32,33] in seawater (LOD: 4 µM).
The simultaneous detection of nucleic bases in DNA is a particular challenge due to
the relatively close matching redox potentials and the slow electron transfer rate with
most electrode materials [2]. Glassy carbon and graphite electrodes give only two peaks
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(at about 0.65 V and 1.0 V) for a solution of all four bases [2,19,34]. An improvement is
achieved with the use of a pristine graphene (on SiC substrate) electrode which clearly
promotes a third peak that is assigned to cytosine (1.5 V). An even better result is ob-
tained by adding rGO which shows oxidation peaks for all four nucleotides in solution
(0.6 V, 0.9 V, 1.25 V, 1.5 V for guanine, adenine, thymine, cytosine, respectively) [19].
Moreover, electrodes with added rGO can detect the bases both in ssDNA and in
dsDNA, with an LOD of 0.35 µg mL-1 [19,34]. The determination of dsDNA is difficult
with most electrode materials without prior hydrolysis and separation, but was accom-
plished recently by using electron cyclotron resonance nanocarbon film electrodes [2,19].
The feature of separated oxidation peaks was exploited [2] to detect single-nucleotide
polymorphism in short oligonucleotides.
2.3 Nanocomposite sensors
2.3.1 Electro-chemical sensors
Assemblies of different materials that form an entity in the nanometer range are often
referred to as nanocomposites. They are characterized by a very high surface to
volume ratio which explains their superior properties relative to bulk composites. The
combination of two or more materials also enables the tailoring of properties such as
sensitivity and selectivity.
Calculations predict the enhanced adsorption of gases on graphene sheets decorated
with metals. This is due to mutual interactions [35,36]. Graphene nanocomposites were
often decorated with metals such as palladium and platinum resulting in sensors for
hydrogen [37–44], carbon monoxide [39] and ethanol [45,46] in the gas phase. Zhang et
al. [13] reported on the use of plain reduced graphene oxide (rGO) for hydrogen sensing
with a resistance measurement, but the sensitivity was poor yielding a signal change
of only 0.4% R/R0 for 500 ppm hydrogen. If rGO is combined with an conductive
polymer such as polyaniline, the sensitivity is enhanced by a factor of 10 compared
to rGO only. The signal change is 3.9% (R/R0 units) for 600 ppm of hydrogen, and
12.9% (R/R0) for 0.5% hydrogen. The enhancement effect in the range above 0.5%
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hydrogen is attributed to the high porosity of the nanocomposite, while the effect
below 0.5% can be assigned to the polyaniline only [37]. A further enhancement in
signal response (25 times relative to [13]) is achieved by decorating rGO with palladium
nanoparticles (signal change 33% R/R0 for 0.5% hydrogen). In contrast, this composite
reduces the response of plain rGO for NO2. In fact, a sensor based on the use of rGO
with and without palladium nanoparticles can distinguish between hydrogen, NO2 and
humidity [43]. It is interesting to note that a similar approach with graphene as the
base material exhibits an enhancement factor of only 11.3 (4.5% R/R0 for 500 ppm
H2) [44]. This indicates that both the catalytic effect of palladium and the interaction
between the two material phases contribute to the sensing ability. Kumar et al. [42]
used a palladium-platinum alloy on rGO for their resistance measurements to improve
response and recovery times of the respective hydrogen sensor. Compared to a similar
method reported by Lange et al. [43], response times are reduced to 2-20 s, but the signal
response is decreased (only 4.3% R/R0 for 2% H2). Kaniyoor et al. [40,41] have combined
multiwalled carbon nanotubes with rGO (1:1 w/w) and decorated this material with
platinum nanoparticles. This increases the response to 1-5% hydrogen by a factor of
2 compared to platinum decorated nanotubes. Such sensors work at temperatures up
to 160 ◦C. Yi et al. [46] reported on a sensor based on ZnO nanorods and graphene
on metal foils for conductive sensing of vapors. Ethanol was determined at low ppm
levels at operational temperatures of up to 300 ◦C and under mechanical deformation
with a bending radius of <0.8 cm. Cuong et al. [47] used rGO and ZnO nanorods
to design a sensor for hydrogen sulfide. This sensor possesses a high resistivity in
an oxygen environment, because oxygen is adsorbed on the surface of the nanorods.
There oxygen ionic species are formed, capturing electrons from the conduction band.
Hydrogen sulfide reacts with the surface oxygen species which decreases the surface
concentration of oxygen ions leading to a decrease in the resistance of the sensor. The
detection limit is 2 ppm of H2S in presence of oxygen at room temperature.
rGO was deposited on top of a surface acoustic wave transducer (36◦ YX LiTaO3)
to build a sensor device for hydrogen and carbon monoxide [38,39]. The change in the
resonance frequency at room temperature was 5.8 kHz for 1% hydrogen and -8.5 kHz for
0.1% CO. The device can detect as little as 125 ppm of hydrogen and 250 ppm of CO,
both at 25 ◦C and 40 ◦C. The response and recovery times for hydrogen are 12 s and
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less than 1 min for 125 ppm, 5 min and 20 min, respectively, for 250 ppm of CO. The
combination of graphene materials with surface acoustic wave technology is promising
because the sensors can be operated passively, i.e. with no need of a separate power
supply. This overcomes the need for batteries and enables easier miniaturization [48].
rGO and Nafion can be used for anodic stripping voltammetric analysis of
cadmium(II) [49–51]. Other work demonstrated the simultaneous detection of Cd2+ and
Pb2+ [50,51]. Willemse et al. [51] reported on the determination of Cd2+, Pb2+, Zn2+
and Cu2+. The latter approach has LODs of 0.07-0.08 µg mL-1 for the individual ions
which is comparable to ICP-MS. The high sensitivity is contributed to a combination
of enhanced electron conduction of rGO and the cation exchange capacity of Nafion.
Nafion also acts as an effective solubilizing agent and antifouling coating [50,51]. How-
ever, tests with real water samples revealed two problems. First, organic compounds in
the water may form stable complexes with metal ions such as Cu2+, thus making them
unavailable for analysis. Secondly, organic compounds can adsorb onto the surface of
the working electrode, thus decreasing its surface area which can lead to a reduction
of the analytical signal.
Gong et al. [52] have developed a nanocomposite consisting of rGO protected by
poly(vinyl pyrrolidone), chitosan and gold nanoparticles for sensing Hg2+ by anodic
stripping voltammetry. This sensor has a sensitivity of 708.3 µA/ppb, and its detec-
tion limit (6 ppt) is far below the guideline value of drinking water set by the WHO
(1 ppb). Also, 20 ppb of either Cd2+, Co2+, Cu2+, Fe3+, Zn2+ or I– have negligible
effect on the detection of 1.0 ppb of Hg2+. A comparison with a sensor based on the
use of carbon nanotubes and the individual components reveals that such properties
can be ascribed to the ensemble behavior of the nanostructured material. It was con-
cluded that the surface and structure of rGO greatly improves the interaction with
both the deposited gold nanoparticles and the analyte ions, prompting the interfacial
electron-transfer process.
Compared to common glassy carbon electrodes (GCEs), electrodes modified with
graphene materials already yield enhanced signals or can discriminate between redox-
active species due to interactions with surface, catalytic activity, or changed electron
transfer kinetics. The determination of hydrochinone, for example, is difficult with
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GCEs at low potentials of about 0.0 V by differential pulse voltammetry. In contrast,
an electrode modified with rGO shows a well-defined peak at 2 mV. If decorated with
platinum nanoparticles, the current density, and therefore the sensitivity (expressed
as µA M-1 cm-2), increased by a factor of 2. Li et al. [53] have explained this by the
enhanced electron transfer in this system. The charge hopping through the metal and
the effective charge migration through the rGO both attribute to this. The effective
transport of the electrons to the electrode in the material led to the efficient elec-
trocatalytic oxidation of hydroquinone. By analogy, the detection of catechol can be
improved [54,55]. The isomers hydrochinone, catechol and resorcinol can be determined
simultaneously with a sensor based on rGO and chitosan [56]. The wide linear ranges
(about 1-400 µM each), low detection limits (0.75 µM each) and good sensitivities
(about 56-59 µA M-1 for hydrochinone/catechol, and 25 µA M-1 for resorcinol) are
a product of high electrocatalytic activities towards the analytes, increased oxidation
peak currents, and good peak separations (hydrochinone at 0.0 V, catechol at 0.1 V,
resorcinol at 0.5 V).
The electrocatalytic effect of the composites depends on the ratio of the components.
Hong et al. [57] examined the effects of different ratios of gold nanoparticle and rGO
on the peak current of a 5 mM solution of ferricyanide (1 M KCl, 50 mV s-1). A ratio
of 10:1 of gold nanoparticles/rGO showed the highest peak current and therefore the
best catalytic activity. This is due to the low conductivity caused by the presence of
too many 4-dimethylaminopyridine moieties used as a stabilizer for gold nanoparticles
in water on the rGO surface. At ratios >10:1, this composite did not form stable
aqueous solutions and precipated after a maximum of 12 h.
The simultaneous determination of ascorbic acid and uric acid was demonstrated by
Chang et al. [24] using rGO only. Zhang et al. [58] used a combination of graphene
and multiwall carbon nanotubes in a crosslinked cyclodextrin matrix to sense both
dopamine (detection limit: 0.05 µM, range: 0.15-21.65 µM) and ascorbic acid (detec-
tion limit: 1.65 µM, range: 5 µM-0.48 mM) by voltammetry. The potential for the
oxidation of dopamine (at 0.17 V vs. SCE) and ascorbic acid (at -0.06 V vs. SCE) are
well separated. The observed sensitivity for dopamine (23-fold compared to ascorbic
acid) is claimed be the result of three effects. First, the host-guest chemical reaction
ability of cyclodextrin enhances the oxidation of dopamine by its diffusion through
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the cavities of cyclodextrin. Secondly, the easy contact with the dispersed graphene-
multiwall carbon nanotubes facilitates the electron transfer. Third, the pi-pi interaction
between the phenyl ring of dopamine and the graphene/carbon nanotubes makes the
electron transfer more feasible than that between non-aromatic ring of ascorbic acid
and the graphene/carbon nanotubes. Unfortunately, the sensor was not tested for in-
terference by uric acid. A sensor for uric acid in human serum was recently developed
which exploits the described discrimination effect [59]. The detection limit and the lin-
ear range were suitable (0.3 µM, 0.8-150 µM). 50-fold concentration of dopamine and
500-fold concentration of ascorbic acid did not show any interference.
Comparison with a similar composite consisting of rGO in cyclodextrin by Tan et
al. [60] reveals that a material composed of graphene and carbon nanotubes has the
same effect on discrimination as rGO only. This can be attributed to the similar
defect (= border) sites of both materials. However, the latter one has a 10-fold lower
detection limit (Zhang: 0.05 µM, Tan: 5.0 nM) with a wider linear range (Zhang:
0.15-21.65 µM, Tan: 9 nM-12.7 µM) for the voltammetric determination of dopamine.
(Reduced) graphene oxide materials were also applied in sensors for the detection
of dopamine by fabricating composites with TiO2 [61], ethylenediamine triacetic acid
silane [62], layered double hydroxides (Zn/Al) [63] and cupric oxide [64]. The resulting
voltammetric sensors share similiar detection limits (10 nM to 2 µM), linear ranges
(from 0.1 to 200 µM) and selectivity. There does not appear to be any obvious
correlation between the components of the composites and their effects. The choice
of the redox peak (0.2 V/0.3 V vs. SCE; 0.272 V vs. Ag/AgCl) and the optimization
of other parameters (pH, electron transfer resistance, ratio of materials, etc.). are
much more relevant. Still, the simultaneous detection of ascorbic acid, dopamine and
uric acid is critical. Different materials promote different redox peaks [65–68]. rGO
with platinum particles in a Nafion matrix, for example, provides relatively high peak
currents for ascorbic acid (1 mM, 95 µA, 40 mV), dopamine (1 mM, 272 µA, 225 mV)
and uric acid (1 mM, 371 µA, 369 mV) [68] in the respective cyclovoltammograms at a
scan rate of 50 mV s-1.
The use of an ionic liquid instead of Nafion [67] not only results in a different discrim-
ination of the peaks (e.g. ascorbic acid at 85 mV) but also to a 2-4-fold lower peak
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current for all analytes (e.g. 1 mM of dopamine: 87.1 µA; scan rate: 100 mV s-1). The
same applies to differential pulse voltammetry. A composite based on graphene oxide
and polyaniline was found to further enlarge the distance between the cathodic oxi-
dation peaks (25 mV, 249 mV and 373 mV for ascorbic acid, dopamine and uric acid,
respectively) [65]. Here the currents are reduced by another step (scan rate: 50 mV s-1)
for ascorbic acid (2 mM: 20 µA), dopamine (1 mM: 40 µA) and uric acid (1 mM:
77 µA). The currents of all composites are greatly enhanced compared to a bare GCE
due to the increased surface area and the catalytic activity, which seems best for a
combination of rGO and Nafion.
Graphene nanocomposite materials have also served as a basis for constructing enzy-
matic biosensors [69,70]. Glucose oxidase (GOx) is often chosen as a model enzyme. As
previously discussed, plain applied graphene materials are suitable for voltammetric
determination of enzymatically generated hydrogen peroxide [2]. Brownson et al. [71] re-
port that graphite-based amperometric electrodes (sensitivity: 49.0 µA mM-1) exhibit
greatly enhanced electro-catalytic activity over graphene (32.8 µA mM-1) at 400 mV.
This is attributed to an increased percentage of edge plane sites. However, after
the introduction of Nafion, sensitivities are reversed due to the potential discrimina-
tion effect from interferents. Graphene and Nafion (42.2 µA mM-1) are superior over
graphite and Nafion (32.0 µA mM-1) due to substantial re-orientation and disorder of
graphene (Figure 2.3). This is an indication that (a) composite materials are essential
for graphene based amperometric biosensors, and (b) the orientation of the graphene
sheets in these composite materials is crucial.
Nafion neither is the only nor the best material to improve the amperometric char-
acteristics of graphene. ZnO nanospheres [72], for example, lead to similiar results
with respect to detection limit and sensitivity [73] but provide a wider linear range
for hydrogen peroxide detection (1.8 µM to 2.3 mM) at an almost identical potential
(about -0.3 V). Cui et al. [74] have used a composite consisting of rGO, thionine, gold
nanoparticles and horseradish peroxidase for analysis of milk samples. The sensitivity
doubled (86 µA mM-1, -0.26 V vs SCE) compared to the graphene/Nafion material
described above. The sensor showed a very good detection limit (10 nM) and linear
range (10 µM-1.8 mM). Ascorbic acid interferes, but glucose, uric acid, acetic acid,
oxalic acid, citric acid and sucrose do not. The addition of gold nanoparticles and
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Figure 2.3. Left: Schematic representation of inhibition of edge plane like sites caused by the addition of Nafion to
a graphite modified electrode. Right: Schematic representation of the re-orientation of graphene layer
cause by the addition of Nafion to a graphene modified electrode. Reproduced by permission on the Royal
Society of Chemistry from ref. 71.
thionine doubles sensitivity compared to approaches without these [75,76].
Huang et al. [77] prepared a composite based on rGO, gold nanoparticles and catalase
for use in an amperometric sensor for H2O2. This approach has similar detection limit
(50 nM) and linear range (0.3-600 µM), but sensitivity is low (13.4 µA mM-1, -0.3 V vs
SCE). Two other reports confirm that gold nanoparticles improve detection limits and
linear ranges [78,79]. Materials incorporating magnetite provide the same enhancements
as gold nanoparticles and provide the additional feature of ferromagnetism. This allows
easy manipulation of the material (e.g. separation for cleaning processes, immobilizing
on electrodes) by application of an external magnetic field [80,81]. Sensors based on
all types of graphene materials with silver nanoparticles [82,83], MnO2 [84], DNA [83,85],
hemoglobin [86] and microperoxidase-11 [87] have been constructed with detection limits
in the lower µM range and linear ranges in the upper µM and lower mM range.
Prussian blue (PB, also termed “artificial peroxidase”) is known for its excellent per-
formance in sensing H2O2 [88]. Cao et al. [89] synthesized PB nanocubes on top of rGO
(Figure 2.4) to construct a sensor for H2O2 with an LOD of 45 nM at 0.2 V and a
wide linear range (0.05-120 µM). Others have achieved similar results [90,91]. Guo et
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al. [92] have built a biointerface that consist of multilayers of rGO, PB and the extra-
cellular matrix protein laminin. They were deposited on an indium tin oxide substrate
on which human cells were grown. High electrocatalytic activity towards reduction
of H2O2 was observed at a potential of 0.0 V. Such a low potential prevents anodic
and cathodic potential interference. The release of H2O2 from the cells in response to
different stimuli was explored. It was possible to detect 1011 extracellularly released
H2O2 molecules per cell, which is attributed to the high sensitivity (141 µA mM-1) of
this multilayer composite structure.
Figure 2.4. Left: Procedure for the fabrication of nanocomposites with Prussian blue nanocubes for sensing hydrogen
peroxide. Right: TEM image showing the resulting nanocomposite. Adapted with permission from ref.
89. Copyright (2010) American Chemical Society.
Various attempts have been made to immobilize GOx on rGO in the presence [69,93,94] or
absence [95] of a polymer matrix. This resulted in amperometric biosensors for glucose
with detection limits (3-20 µM) and linear ranges (0.04-12 mM) that enable glucose
to be determined in blood serum (lower mM range). They provide fast response times
(5 s) and Michaelis-Menten constants of about 4.5 mM. This indicates that the bound
GOx has retained a relatively high enzymatic activity compared to similar materials
based on multiwall carbon nanotubes [96]. However, a comparison with GOx-based
biosensors modified with gold nanoparticles [96–100], ionic liquids [101,102], platinum par-
ticles [103,104] or PB [91] revealed no significant improvements. Modifications with palla-
dium particles [105] or CdS [70] resulted in a reduction of the Michaelis-Menten constant
by a factor of 3-4 (to about 1.2-1.6 mM), suggesting that these latter modifications
provide a more favorable environment for GOx. Zhiguo et al. [106] have developed
a multilayer nanocomposite for use in a glucose sensor. rGO decorated with gold
nanoparticles was covered with a layer of CdTe-CdS quantum dots, a second layer
with gold nanoparticles, and finally with GOx in a chitosan matrix. This sensor dis-
played remarkable properties in terms of response time (45 ms), detection limit (3 pM),
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linear range (10 pM to 10 nM), Michaelis-Menten constant (5.24 pM) and sensitivity
(5763 nA nM-1 cm-2). Its favorable properties obviously are due to its nanoarchitecture
that promotes a “push and pull” effect which accelerates the electron transfer from
GOx to rGO. The method was successfully applied to the determination of glucose in
diluted saliva.
A nonenzymatic amperometric glucose sensor was constructed [107] from a composite
based on rGO and palladium nanoparticles in Nafion. Glucose was determined at a
potential of 0.4 V (vs. SCE), and ascorbic acid, uric acid and p-acetamidophenol do
not interfere. The detection limit (1 µM), sensitivity (2 µA mM-1) and linear range
(10 µM to 5 mM) compete with the enzymatic sensors described above. Analysis of
serum samples gave good recoveries.
Chang et al. [108] used rGO with gold nanoparticles in a chitosan matrix and observed
a remarkable decrease in the oxidation overpotential of NADH (about 220 mV, from
0.58 V to 0.36 V) compared to a bare GCE. This enables amperometric determination
of NADH at 0.35 V with good sensitivity (0.318 µA µM-1 cm-2), short response time
(5 s), low detection limit (1.2 µM) and a wide linear range (1.5-350 µM). The oxidation
overpotential is decreased by 440 mV, and sensitivity is improved to 37.43 µA µM-1
cm-2 if rGO is used along with an ionic liquid in chitosan [109]. They eventually com-
bined the sensor with alcohol dehydrogenase and were then able to measure µM con-
centrations of ethanol (at 0.45 V). Similar results were reported by Kumar et al. [110]
who worked at 50 mV (vs SCE). NADH itself can be determined without interference
in the presence of a 100-fold excess of dopamine and uric acid, while ascorbic acid
causes an increase in signal [110].
The simultaneous detection of all four DNA bases with plain graphene materials also
has been described [2,19,34]. The electron transfer rate can be further improved by mod-
ifying rGO with gold nanoparticles [111] or ionic liquids [112] which results in higher peak
currents. Thus higher sensitivities (13-62 nA µM-1 vs. 7-10 nA µM-1) are possible for
differential pulse voltammetry [113]. Similar results were reported for graphene com-
posites with TiO2 [114], multi-walled carbon nanotubes [115], polypyrrol [116], Nafion [117]
and Fe3O4 [118].
30 Chapter 2. Graphenes in chemical sensors and biosensors
In order to diagnose pathogenic or genetic diseases [119], a strand of DNA was immobi-
lized on the surface of graphene materials or their composites, and hybridization was
detected by impedimetric [120–122] or voltammetric [119,123–126] methods. The method can
discriminate between non-target, partial hybridized, and full hybridized dsDNA and
enables detection of single nucleotide polymorphism which is, for example, correlated
to the development of Alzheimer’s disease [120]. The addition of PB further increases
the response (current) [127]. Most sensors can detect target ssDNA in the picomolar to
nanomolar range. Du et al. [128] demonstrated the use of triplex DNA as recognition
motif to amplify the detection of DNA. This attempt reduced the detection limit and
linear range to the femtomolar range.
Tang et al. [129] used two different ssDNA/graphene oxide complexes to detect target
DNA. Both complexes were bound to target DNA (each at a different position) to form
large aggregates. The diameter of these aggregates, as determined by dynamic light
scattering, is a function of target DNA concentration (Figure 2.5). It was possible
to detect target DNA in the 1 pM to 10 nM concentration range with an LOD of
1 pM. Mismatched DNA did not give aggregates under the same conditions. The high
specifity was attributed to the synergic and multivalent effects of the DNA/graphene
oxide complex formed on hybridization with target DNA.
Figure 2.5. Schematic illustration of procedures for DNA-directed self-assembly of graphene oxide and analysis of ho-
mogeneous assay of DNA by dynamic light scattering. Adapted with permission from ref. 129. Copyright
(2011) American Chemical Society.
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DNA sensors using aptamers or DNAzymes as probes allow the sensitive and selec-
tive detection of analytes such as L-histidine with an LOD of 0.1 pM [130], dimethyl-
methylphosphonate (LOD: 0.4 ppm) [131] and thrombin (LOD: 0.45 pM) [132]. Wang
et al. [133] have combined a selective aptasensor based on rGO for thrombin with the
technique of lable-free, regenerative and sensitive surface plasmon resonance (SPR).
An SPR gold chip was coated with poly(diallyldimethylammonium chloride) to create
a positively charged chip, and immersed into a solution of rGO to assemble the mate-
rial on the chip. Next, a thrombin aptamer was adsorbed onto the rGO layer through
pi-pi-stacking interactions. The binding between the aptamer and the target molecule
greatly disturbed the interaction between the aptamer and rGO causing the release
of the aptamer. The chip was regenerated by immersion in aptamer solution. This
concept allows for the detection of 0.05 nM of thrombin (linear range: 0.08-200 nM).
All the schemes for signal enhancement also apply to (bio)sensors developed for various
other analytes, for example, rutin (detection limit: 0.6-16 nM, linear range: 1 nM-
100 µM) [134–136] and indole-3-acetic acid (detection limit: 0.05 µM, linear range: 0.1-
7.0 µM) [137]. Explosive nitroaromatic compounds (detection limit: 0.5-4 ppb, sensi-
tivity: 1.75 µA ppb-1 cm-2, linear range: 30-1500 ppb) can be detected by stripping
voltammetry by exploiting the synergistic adsorptive properties of porphyrin [138] or
ionic liquids [139,140], along with the large electroactive surface and fast charge trans-
fer of (reduced) graphene oxide. Sensors have been reported for aloe-emodin [141], 4-
aminophenol [142], caffeine [143], carbaryl pesticide [144,145], carbendazim [146], chlorite [147],
cholesterol [148], hemoglobin [149], hypoxanthine [150], methyl jasmonate [151],
nitromethane [152], nitric oxide [153], organophosphorus agents [154,155], dissolved
oxygen [156–158], paracetamol [159], paraoxon [160,161] and other small organic compounds
including different benzene derivates and cyclohexane [162]. All are based on the use of
(reduced) graphene oxide with its discriminative effect and higher sensitivity through
hydrogen bonds as discussed for hydrogen peroxide.
The detection of whole cancer cells was possible [163,164] given that certain types of
cancer cells such as HeLa or MCF-7 overexpress folate receptors on their surface. This
was exploited by Song et al. [164] who used a composite consisting of rGO, folic acid
and hemin to detect as little as 1000 cells by photometry. The composite attaches
to the folate receptors on the surface of the cells. The hemin on the surface of rGO
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catalyzes the chromogenic oxidation of tetramethylbenzidine (Figure 2.6A). The oxi-
dation was monitored via the increase in absorbance at 652 nm. The activity of hemin
was significantly enhanced due to the high surface-to-volume ratio of rGO and its high
affinity for hydrophobic molecules such as hemin and the used dye. The latter effect
increases the local concentration of the substrate, brings the substrate into proximity
with the active site of hemin, and thus improves catalytic activity. In addition, the
high electrical conductance of rGO facilitates the electron transfer from hemin to the
substrate. A label free sensor for cancer cells was developed by Feng et al. [163]. A
specific aptamer was linked to the surface of rGO, having a high affinity for the nucle-
olin (a plasma membrane protein) of cancer cells (HeLa, K562, MDA-231, NIH-3T3).
The adsorbed cells were quantified (detection limit: 1000 cells) by resistance measure-
ments. If treated with the complementary strand of the aptamer (which releases cells),
the sensor can be used again (Figure 2.6B).
Immunoglobulin G (IgG) is often used as a model analyte to demonstrate the op-
erational capability of a new bioanalytical method. Wang et al. [165] have assembled
reduced graphene oxide (rGO), L-cysteine, gold nanoparticles and anti-IgG antibod-
ies on a glassy carbon electrode (GCE) for detection of human-IgG. The secondary
antibodies against anti-IgG were labeled with horseradish peroxidase (HRP) which
catalyzes the oxidation of hydrochinone by hydrogen peroxide. Benzoquinone, the
product of this reaction, can be detected amperometrically at 0.18 V (vs. SCE). This
sensor has a detection limit of 70 ng mL-1 and a linear range of 0.2-320 ng mL-1
which competes with the standard ELISA. The wide linear range and high sensitivity
is attributed to the large surface area of rGO and L-cysteine-induced assembling of
the gold nanoparticles. The assembly also enables the transfer of electrons from the
enzymatic reaction and thus improves the performance of the immunosensor.
Mao et al. [166] constructed a FET-based sensor for IgG that is based on rGO and
gold nanoparticles onto which the probe (anti-IgG) is covalent bounded. The immuno
reaction (IgG to anti-IgG) is investigated by direct measurement of the current of the
FET (detection limit: 2 ng mL-1, gate voltage: 0 V). The response is non-linear in
the range from 2 ng mL-1 to 20 µg mL-1. This approach does not require a secondary
antibody or a label.
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Figure 2.6. Detection of whole cancer cells with an electrode modified with a nanocomposite based on reduced
graphene oxide. (A) Schematic representation of (1) preparation of the rGO/hermin composite and
(2) cancer cell detection by using a target-directed rGO/hermin composite. Reproduced by permis-
sion on the Royal Society of Chemistry from ref. 164. (B) Schematic representation of the reusable
aptamer/rGO-based aptasensor. The aptamer and its complementary DNA are used as a nanoscale
anchor to capture/release cells. Reprinted with permission from ref. 163. Copyright (2011) Elsevier.
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Liu et al. [167] developed a sensor for IgG that is based on a dual amplification strat-
egy (Figure 2.7). rGO and graphene oxide were first functionalized with poly-(di-
allyldimethyl ammonium chloride) and gold nanoparticles. The rGO composite was
deposited on a GCE and then covered with primary antibodies. The graphene ox-
ide composite was covered with secondary antibody labeled with HRP. The peroxi-
dase catalyzes the reaction of o-phenyldiamine and hydrogen peroxide to form 2,3-
diaminophenazine. This amperometric approach resulted in an LOD of 0.05 ng mL-1
(range: 0.1-200 ng mL-1). This is due to two beneficial effects. First, graphene ox-
ide provides a large number of active sites to increase the amount of the secondary
antibody in the enzymatic reaction. Secondly, rGO accelerates the electron transfer
on the electrode surface to amplify the electrochemical signal due to its outstanding
electric conductivity.
Figure 2.7. Schematic illustration of the preparation of (reduced) graphene oxide-based hybrids and the construction
of the sandwich-type electrochemical immunosensor by Liu et al. [167]. Reprinted with permission from
ref. 167. Copyright (2011) Elsevier.
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Liu et al. [168] used graphene oxide on gold electrodes, again to detect IgG. A ferrocene
derivative was attached to the primary antibody and eventually adsorbed on graphene
oxide. The secondary antibody was labeled with gold nanoflowers which catalyze the
reduction of p-nitrophenol to p-aminophenol. The latter is electrochemically oxidized
to p-quinone imine by the attached ferrocene at the primary antibody. This process
was amperometrically detected by the modified gold electrode. The p-quinone imine
can be recycled by adding NaBH4. The detection limit is 0.5 fg mL-1 of human IgG
(range: 0.5 fg mL-1-10 ng mL-1).
The very low LODs of sensors based on the use of graphene materials can be favorably
applied to analytes that occur at very low concentrations, for example tumor mark-
ers. Respective sensors have been reported for α-fetoprotein [169–175], prostate specific
antigen [176–183], carcinoembryonic antigen [174,184,185], breast cancer susceptibility gene
(BRCA1) [176] and the breast cancer markers HER2 and EGFR [186]. The detection
limits and linear ranges are comparable and make such sensors suitable for clinical
applications.
An immunossensor for prostate specific antigen (PSA) [182], for instance, makes use
of a composite made from rGO and chitosan on a GCE. Next, a primary antibody
against PSA was deposited on top. In parallel, gold nanorods modified with GOx
and a secondary antibody were prepared. After binding of the antigen to the primary
antibody (on the electrode), the gold nanorods were introduced which were linked to
the antigen on the electrode by the secondary antibody to complete the sandwich. The
ECL immunoassay was then conducted at 50 mV in another buffer solution containing
luminol and glucose. Human serum samples were analyzed. The detection limit for
PSA was 8 pg mL-1. Fetoprotein and carcinoembryonic antigen do not interfere.
A particular approach was made by Tang et al. [174] who simultaneously monitored α-
fetoprotein (AFP) and carcinoembryonic antigen (CEA). Graphene oxide was coated
with magnetic nanobeads made from Fe3O4 and then both anti-AFP (AB1) and anti-
CEA (AB2) were conjugated onto their surface. This material was immobilized on
an indium tin oxide electrode. Two types of multifunctional gold hollow microspheres
(GHS) were used as distinguishable signal tags for the corresponding antibodies (GHS-
AB1, GHS-AB2). HRP and thionine were encapsulated in GHS-AB2 and ferrocenecar-
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boxylic acid in GHS-AB1. The formation of the sandwich occurs in the presence of
the analytes. Both α-fetoprotein (at +0.3 V) and carcinoembryonic antigen (at -
0.3 V) were determined by differential pulse voltammetry (600 mV to -600 mV). The
detection limits (1 pg mL-1 for both) and linear ranges (0.01-200 ng mL-1 for AFP,
0.01-80 ng mL-1 for CEA) revealed very good analytical performance that can compete
with other methods and meet the requirements of clinical diagnosis.
Corresponding antibodies allow the construction of immunosensors for a wide range
of additional analytes including kanamycin [187], norethisterone [188], salbutamol [189],
p53 protein [190], chorionic gonadotropin [191] and even pathogens (rotavirus, bacte-
ria) [192–195]. They all share similar detection limits, linear ranges and selectivity.
2.3.2 Field effect transistor-based sensors
FET-based sensors have the advantage of high sensitivity due to the enhancement of
receptor responses (e.g. electron transfer of proteins) at low analyte concentrations.
FET-based sensors based on carbon nanotubes have been developed but form Schottky
barriers at the interface between the nanotubes and electrodes [196]. Graphene mate-
rials, on the other hand, provide extremely high charge mobility and capacity, large
detection area, relatively low 1/f noise, tunable ambipolar field-effect characteristics,
and biocompatibility [197].
The benefit of using graphenes becomes apparent when looking at the performance
of sensors for metal ions. Sudibya et al. [197] constructed sensors based on reduced
graphene oxide (rGO, Figure 2.8A) and modified one with calmodulin (binds to Ca2+)
and another one with metallothionein type II protein (binds to Hg2+ and Cd2+) by pre-
coated pyrene linkers. At a gate voltage of -0.6 V (p-type region) the detection limit is
1 µM for Ca2+ which is consistent with the binding affinity of calmodulin (0.1-1.0 µM).
Lower detection limits could be accomplished by using silver hake parvalbumin [197]
with its higher affinity for Ca2+. The latter device provided similiar results at the
same gate voltage for the detection of Hg2+ (detection limit: 1 nM; range: 1-28 nM)
and Cd2+ (detection limit: 1 nM; range: 1-55 nM). This is again consistent with
the binding affinity of the metallothione in type II protein. Both detection limits
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strongly depend on the binding affinity and this is attributed to the ability of detecting
very low currents in the nanoampere range (e.g. 2 nA response for 1 µM of Ca2+,
0.1 µA for 1 nM of Hg2+). In contrast to FETs based on plain silicon nanowire, this
sensor does not respond to Na+ or K+, while the FET based on plain rGO does not
respond to Ca2+, Hg2+ or Cd2+ either. The device can be regenerated by washing
with acidic buffer to remove bound metal ions, but reusability (3-4 times) is limited
due to denaturation of the receptor proteins.
In another attempt, Zhang et al. [198] have spin coated a solution of 1-octa-decanethiol
on a graphene FET to form a self-assembled monolayer. Thiols form strong Hg-S-
bonds enabling the device to sense 10 ppm of Hg2+ ions. Unfortunately, detection
limits and ranges are not reported. Sofue et al. [196] also used graphene, but without
modifications, in a FET sensor for sodium ions with a wide dynamic range (1.0 nM to
1.0 mM). As to the underlying mechanism, it was speculated that the hydroxy groups
bound to defects on the graphene surfaces can adsorb sodium ions. Interference was
not studied. The results also revealed that top-gated devices (“solution gating” /
electrolyte gating) have a 100-fold larger transconductance (53 µS instead of 0.50 µS)
than backgated devices, probably due to the formation of thin electrical double layers
in solutions which act as a thin insulator.
Such double layers were further investigated by Ang et al. [199] who observed a potential
regime in which the adsorption of OH– and H3O+ dominates the electrochemical double
layer of graphene. Hence, such layers are sensitive to pH, but not to ionic strength. If a
source-drain voltage of -1 V is applied, the threshold voltage shifts by about 98 mV per
pH unit. This sensitivity is higher than the predicted Nernst limit (59.2 mV/pH). This
was observed only at negative gate voltages and explained by the interplay between
surface potential modulation by ion adsorption and the attached amphoteric OH–
groups (by analogy to carbon nanotubes). The mechanism behind the increase in
conductivity or drain current with pH is not clear so far [200]. The results were confirmed
by Ohno et al. [200,201].
Electrodes modified with plain graphene show almost no sensitivity to hydrogen gas
unless decorated or modified with metallic platinum or palladium. Vedala et al. [202]
report on the preparation of “holey reduced graphene oxide” (hrGO, Figure 2.8B)
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which is obtained by horseradish peroxidase catalyzed oxidation of graphene oxide
with H2O2. This resulted in the formation of holes on its basal plane. Subsequent
reduction of the material with hydrazine leads to so-called hrGO which, in contrast
to bare rGO, exhibits p-type behavior at room temperature with a Dirac point near
Vg = 0 V. The hrGO was then decorated with platinum particles by pulsed potentio-
static electrodeposition, and the resulting sensors was used to detect hydrogen in the
range from 60 ppm to 40 000 ppm.
Figure 2.8. Field effect transistor sensors based on graphene materials. (A) Schematic of solution-gated configuration
of rGO-FET (top) and ambipolar characteristics of rGO-FET measured in buffer solution (bottom).
Adapted with permission from ref. 197. Copyright (2011) American Chemical Society. (B) Illustration of
a holey reduced graphene oxide (hrGO) device decorated with metal nanoparticles (top), and two SEM
images of prepatterned gold interdigitated microelectrodes consisting of hrGO decorated with gold or
platinum nanoparticles (bottom). Adapted with permission from ref. 202. Copyright (2011) American
Chemical Society.
Tang et al. [203] compared rGO with platinum nanoparticles in Nafion to an analogous
material based on the use of single walled carbon nanotubes (SWCNT) for the am-
perometric determination of hydrogen peroxide (at +0.5 V). The latter material has
higher sensitivity, a larger electrochemical surface area and lower charge transfer resis-
tance (0.992 mA mM-1, 111 m2/g Pt, 87.2 Ω) than the former one (0.907 mA mM-1,
100 m2/g Pt, 130.7 Ω) although the content of platinum was lower (10% w/w Pt on
SWCNT, 21% Pt on rGO). This was explained by a larger effect of platinum nanopar-
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ticles on the 1D single walled carbon nanotube system than on the 2D rGO system,
which makes the composite more conductive. Furthermore, the bundle structure of
single walled carbon nanotubes leads to a more porous surface structure. This again
indicates that the orientation and distribution of graphene materials in the composite
are of vital importance.
Graphene FETs are also suitable for biodetection [204]. Respective transistors are gated
by the adsorption of charged biomolecules. Recent FETs based on graphene [205,206] and
rGO [207] have detection limits in the low nM and high pM range (0.01 nM to 2 nM) for
DNA. In addition, it was observed that the position of the minimum of the gate voltage
is a function of concentration of target DNA and hybridization state [206]. Mismatched
DNA caused no shift at all. This enables detection of single-base mismatch. Graphene
modified with gold nanoparticles allows for higher loading of probe DNA. As a result,
the upper limit of detection shifts from 10 nM to 500 nM. Proof-of-concept sensors have
also been reported for fibronectin [208] based on rGO (LOD: 0.5 nM) and for human
immunoglobulin E based on graphene and a specific aptamer (linear range: 0.29 to
about 100 nM) [209].
Cui et al. [210] have selectively functionalized graphene using peptides identified from
a combinatorial phage display library - a technique enabling identification of peptides
that bind to graphene. In combination with another peptide which binds to analytes,
such as trinitrotoluene (TNT), bifunctional peptides were synthesized. This enabled
the development of a sensor for TNT capable of detection at the ppb level.
2.3.3 Fluorescence sensors
Both reduced graphene oxide (rGO) and graphene oxide are reported to be fluorescence
“super-quenchers” with long-range energy transfer properties [211]. There are two types
of sensors which exploit this property. In “turn-on” (“signal-on”) sensors, a fluorescent
label is attached to (reduced) graphene oxide by adsorption. Upon addition of an
analyte a reaction such as complexation causes the distance between label and material
to increase. This leads to an increase in fluorescence intensity that can be correlated
to the concentration of the analyte (Figure 2.9A). “Turn-off” sensors, in contrast, are
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making use of fluorescently labeled hybridized probes which are not fully adsorbed by
(reduced) graphene oxide, and therefore are not quenched. If analyte DNA is added,
the hybridized oligomer is destroyed. The label is adsorbed by (reduced) graphene
oxide, and fluorescence quenched. “Turn-off” sensors have lower sensitivity and inferior
multiplexing capability compared to “turn-on” sensors [212].
All luminescent sensors reported for heavy metal ions are making use of specific
oligonucleotides or DNAzymes due to their high selectivity. In addition, the detec-
tion limits and sensitivities can compete with electrochemical sensors and even with
ICP-OES [213]. Wen et al. [214], for instance, used an Ag+-specific oligonucleotide as
a probe (labeled with fluorescein) that was immobilized on graphene oxide. The re-
sulting “mix-and-detect” method has a detection limit of 5 nM and a linear range of
50-100 nM. A 10-fold excess of other metal ions (Li, Cd, Fe, Hg, Mn, Ni, Co, Cu, Zn,
Ca, Mg, Pb) shows negligible interference. Similiar “turn-on” sensors were developed
for copper(II) (detection limit: 2 nM, linear range: 0-250 nM) [215], mercury(II) (detec-
tion limit: 187 pM, linear range: 0-623 pM) [212] and lead(II) (detection limit: 300 pM,
linear range: 1-100 nM) [211]. Respective “turn-off” sensors such as for mercury(II)
(detection limit: 2.8 nM, detection range: 10 nM-100 µM) [216] and lead(II) (detection
limit: 0.5 nM, dynamic range: 1-100 µM) [217] obviously are less sensitive.
The super-quenching ability of (reduced) graphene oxide was also exploited in DNA
sensors [218–221]. These are of the “turn-on” type, with ssDNA tagged with fluores-
cein. Upon addition of the target sequence, hybridization occurs which weakens the
(quenching) interactions with (reduced) graphene oxide [218,222]. This DNA detection
scheme based on (reduced) graphene oxide improves the sensitivity by an order of
magnitude as compared to methods using molecular beacons. This is attributed to
the minimization of background fluorescence due to the super-quenching ability of the
(reduced) graphene oxide [218] and leads to rather low dynamic ranges (1-260 nM) and
detection limits (0.1-14.3 nM). Dong et al. [222] used CdTe quantum dots conjugated
to molecular beacons in a “turn-on” probe (Figure 2.9B). Quantum dots possess: a
high quantum yield; narrow, symmetric and stable fluorescence; and size-dependent,
and tunable absorption and emission.
These approaches have large potential. Liu et al. [224] demonstrated the detection of
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Figure 2.9. (A) Schematic representation of the mechanism of a “turn-on” sensor with fluorescein as dye. Reprinted
with permission from ref. 223. Copyright (2009) Wiley-VCH Verlag GmbH & Co. (B) Schematic repre-
sentation of the mechanism of a “turn-on” sensor with molecular beacon and quantum dots. Reprinted
with permission from ref. 222. Copyright (2010) American Chemical Society.
single nucleotide polymorphism based on a DNA ligase reaction and a self-assembled
graphene-oligonucleotide complex, without separation steps. Aptamers have also been
applied to the sensitive detection of thrombine (detection limit: 31.3 pM, linear
range: 62.5-187.5 pM) [223,225], ochratoxin A (detection limit: 1.9 µM, linear range:
2-35 µM) [226] and hemin (detection limit: 50 nM, linear range: 0.31-2.50 µM) [227]. Wu
et al. [228] designed an assay based on graphene oxide and a fluorescent molecular beacon
probe for the analysis of the activity of polynucleotide kinase (LOD: 0.001 units mL-1;
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working range: 0-0.3 units mL-1). A biosensor for ATP [229] makes use of ssDNA linked
to upconversion nanophosphors of the type β-NaYF4:Yb,Er as a probe on graphene
oxide. It has a detection limit of 80 nM and a linear range between 0.5 µM to 100 µM.
Guanosine triphosphate, cytidine triphosphate and uridine triphosphate, do not gen-
erate any fluorescence in this assay.
The activity of protease and the concentration of its inhibitors can be determined by
a method reported by Li et al. [230]. Quantum dots (QDs) and biotin were coupled to a
short peptide sequence which was then immobilized onto the surface of graphene oxide
with the help of streptavidin, upon which the fluorescence of the QDs is quenched.
Matrix metalloproteinase catalyzes the hydrolysis of peptide bonds and brings the
QDs into solution so that luminescence is recovered.
Mei et al. [231] reported on the use of modifed graphene oxide membranes in combina-
tion with chemically modified silver nanoparticles to sense glutathione, proteins and
DNA. The weak fluorescence of graphene oxide is enhanced through an amine reaction
and ring-opening amination at the surface of the material. The emission of the ami-
nated graphene oxide is quenched by the modified silver nanoparticles which carried
a recognition element for the corresponding analyte. In the presence of the respective
analyte, the silver nanoparticles are desorbed from the surface of the graphene oxide
and fluorescence therefore is recovered. The membranes were crafted by a printing
process similar to the one reported before [16].
2.3.4 Chemiluminescence sensors
Quantum dots (QDs) on (reduced) graphene oxide also were used to enhance electro-
chemiluminescence (ECL). Deng et al. [232] immobilized QDs on rGO on top of a glassy
carbon electrode in order to detect acetylcholine. The ECL at -1.05 V is stronger by
a factor of 4 compared to a carbon electrode without rGO. This is attributed to the
fast electron transfer and the strong absorbance of intermediate oxygen species. It
was also pointed out that the electrochemical reduction of graphene oxide produces
a 179-fold enhancement of ECL compared to QDs/graphene oxide. Wang et al. [233]
used a smiliar approach and the same QDs but with graphene oxide immoblizied on
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an indium tin oxide (ITO) electrode in order to detect glutathione. Graphene oxide is
claimed be the ideal intermediate between the QDs and the electrode because of the
match of the Fermi-levels of graphene oxide (0.9 eV) and QDs (0.7 eV). Furthermore,
the band gaps for graphene oxide (1.7-4.1 eV; depending on the oxidation level) and
the electrode (3.5 eV) overlap. They also investigated the effects of O2 and O•–2 on
this system and on QD electrode.
One may suspect that the enhancer effect and quencher effect of (reduced) graphene
oxide annihilate one another. Wang et al. [234] indeed noticed that ECL is completely
suppressed at high fractions (30-60%) of graphene oxide in a nanocomposite made
from graphene oxide and CdS nanocrystals. However, at fraction of ∼4.6% a 4.3-fold
intensity is found compared to a bare film of CdS nanocrystals.
By analogy to the sensors described previously one can differentiate between “turn-on”
and “turn-off” ECL sensors. In “turn-off” sensors, the product of the electrochemical
reaction quenches ECL, and this effect is related to the concentration of the ana-
lyte [232]. Such sensors are simple but have drawbacks [235]. A more complex method to
detect thrombin was presented by Guo et al. [235] who used a dsDNA with a selective
aptamer for thrombin and its complementary oligonucleotide. The hybridization was
destroyed in the presence of thrombine and the complementary oligonucleotide could
hybridize to another oligonucleotide (labled with CdS particles) bound on the surface
of a magnetic microbead. Next, a nicking endonuclease was introduced to cut both
strands from the surface, releasing the signal ssDNA and again the complementary
oligonucleotide, which could bind again to another oligonucleotide on the microbead.
A substantial quantity of ssDNA is generated with only one source of dsDNA. The sig-
nal ssDNA is captured onto the surface of a graphene oxide/gold electrode. There the
ECL intensity was measured. Luminescence intensity is proportional to the amount of
captured CdS-ssDNA which in turn is proportional to the concentration of thrombin.
This is obviously a “turn on” sensor. The scheme of this method is shown in Fig-
ure 2.10. Thrombin can be detected in the 1.0-100.0 fM range. This high sensitivity is
attributed to graphene oxide which is an O•–2 facilitator and has an appropriate band
gap corresponding to CdS (i.e. 2.45 eV). This leads to a 463-fold amplified produc-
tion of signal ssDNA compared to that of the original dsDNA. There is virtually no
interference by bovine serum albumin, immunoglobin G, α-fetoprotein, horseradish
44 Chapter 2. Graphenes in chemical sensors and biosensors
peroxidase and lysozyme, even if present in large excess.
Figure 2.10. Schematic representation of the amplification strategy of Guo et al. [235] for their DNA sensor based on
graphene oxide. Reproduced by permission on the Royal Society of Chemistry from ref. 235.
Other work for “turn on” sensors for glucose are based on luminol as the luminophore
instead of QDs. This resulted in sensors in the 2-100 µM concentration range [236]. A
nanocomposite consisting of rGO, nafion and GOx was deposited on a glassy carbon
electrode. GOx causes the formation of hydrogen peroxide which enhances the ECL
of luminol. The concentration of glucose in human serum is in the mM range, and
thus must be diluted before determination. This has two advantages. First, potential
interference molecules such as ascorbic acid, uric acid, sucrose, lactose, and maltose
are also diluted which reduces their effect. Secondly, less sample is needed.
“Turn-off” sensors possess inferior detection ranges and limits of detection compared
to “turn-on” sensors. Deng et al. [232] completed their sensor scheme (see beginning
of section) by adding choline oxidase (and acetylcholinesterase) to their material to
obtain a sensor for (acetyl)choline in the 10-250 µM range and with a detection limit
of 4-8 µM. This biosensor is superior to a similar approach based on nanotubes, and
to conventional amperometric sensors. Wang et al. [233] used a comparable composite
with the same QDs but with graphene oxide on ITO for a ECL sensor for glutathione
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(linear range of 24-214 µM and a detection limit of 8.3 µM).
2.3.5 Colorimetric sensors
A nanocomposite based on hemin and reduced graphene oxide (rGO) was constructed
for a colorimetric detection system [237]. This composite catalyzes a color reaction in the
presence of 3,3’,5,5’-tetramethylbenzidine and hydrogen peroxide. The color change
can be judged by the bare eye and measured by absorptiometry at 652 nm. The
composite remains well suspended in the presence of an electrolyte and ssDNA, while
coagulation was observed in the presence of dsDNA. Hybridization can be detected
by mixing the composite solution with probe and target DNA in the presence of
an electrolyte such as NaCl, and then centrifuging the mixture. Hydrogen peroxide
and the dye are added to the supernatant and absorbance is measured. Its intensity
depends on the concentration of suspended composite in the supernatant which, in
turn, depends on the concentration of target DNA (Figure 2.11A). Even a single
base mismatch is sufficient to precipate a large amount of the composite, so that the
detection of single nucleotide polymorphism becomes possible. Target DNA can be
quantified in the 5-100 nM concentration range with an LOD of 2 nM.
A colorimetric platform for visual detection of prostate specific antigen (PSA) was
developed by Qu et al. [178]. The primary antibody was immobilized on magnetic
nanobeads and the secondary antibody on rGO. The sandwich immunocomplex is
formed. Next, this magnetic immunocomplex is separated from the non-complexed
secondary antibodies with graphene oxide (non-magnetic). (Reduced) graphene oxide
possesses an intrinsic peroxide-like activity (similar to horseradish peroxidase) [238].
Therefore, the non-complexed secondary antibodies with graphene oxide can be used
to catalyze the reaction of hydroquinone and hydrogen peroxide to 1,4-benzoquinone.
This resultes in a color change from light grey to orange (Figure 2.11B). However,
graphene oxide is much cheaper and more stable than horseradish peroxidase. The
intensity of the final color depends on the amount of antigen bound. If more antigen is
bound, the solution is less colored. The concentration of PSA can be estimated with
the bare eye. It is possible to distinguish between samples below and above the critical
concentration (4 ng mL-1). This makes the method suitable for the homecare diagnosis
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of prostate cancer. In addition, the graphene oxide/hydroquinone/H2O2 solution can
be investigated by squarewave voltammetry. The change of the reduction current of
hydroquinone at 0.0 V is proportional to the concentration of PSA.
Figure 2.11. (A) Protocol for colorimetric SNP detection. Adapted with permission from ref. 237. Copyright (2011)
American Chemical Society. (B) Schematic representation of the immunoassay procedure developed by
Qu et al. [178]. Reprinted with permission from ref. 178. Copyright (2011) Elsevier.
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2.4 Benefits of (reduced) graphene oxide
The huge amount of publications discussed in this chapter make a small re´sume´ nec-
essary to emphasize the benefits and advantages of (reduced) graphene oxide. For this
reason, this section provides a short and clear list of them:
Solution processing. Solutions of (r)GO can be used in an inkjet printer to print
small sensors on PET foils [16]. These films are sensitive (LOD for NO2: 500 ppb)
and recoverable (with UV-light) but non-selective. Selectivity can be introduced, for
instance, by printing a complete nanocomposite of graphene oxide with chemically
modified silver nanoparticles to sense small amounts of glutathione (1 nM) and IgG
(10 pM) [231].
Interaction effects. The presence of oxygen groups allow the sensitive detection of
the pH level of a solution, both fluorometric [17,18] and electrochemical [19]. The lack
of dependence on excitation/emission wavelength renders the fluoremetric method ex-
tremely suitable in extracellular samples [18]. The electrochemical method provides high
sensitivity (51.3 mV/pH) close to the Nerst limit [19]. In contrast, pristine graphene
exhibits a much weaker sensitivity to pH (12.5 mV/pH) and no fluorescence.
Additionally, the functional groups of (r)GO complex metal cations (e.g., Cu2+, Pb2+,
and Cd2+). This enables their unselective but highly sensitive detection by anodic
stripping voltammetry in the picomolar range due to the formation of strong bonds
between metal ions and rGO [20]. Strong bonds also promote the highly selective and
sensitive detection of hydrogen peroxide in voltammetry (LOD: 0.05 µM) in contrast
to graphite or carbon nanotubes [2].
Attraction effect. The high surface-to-volume ratio and the high affinity for hy-
drophobic and also hydrophilic molecules increases their local concentration. Due to
this, analytes and substrates are brought into proximity with active sites of receptors
or catalyzers, which in turn improves their activity [164]. This effect is utilized, for
example, in approaches for detection of whole cancer cells [164].
Discrimination effect. (r)GO allows the simultaneous detection of (electrochemi-
cally) similar analytes such as uric acid and ascorbic acid [24], hydroquinone and cat-
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echol [28], and even nucleic bases (both in solutions and ssDNA/dsDNA) [2,19]. For the
discrimination effect, the presence of a nominal amount of functional groups on the
surface of the material is mandatory to form hydrogen bonds with the analytes [24].
Both the strength of the bond and the distance of interaction site to the reaction
center influence the oxidation step and therefore the peak separation of the analytes.
Conversion effect. GO possesses an intrinsic peroxide-like activity similar to horse-
radish peroxidase [238]. Therefore, it catalyzes reactions in the same manner. However,
GO is much cheaper and more stable than horseradish peroxidase. For instance, this
effect is used in a colorimetric glucose sensor [238] to convert TMB (colorless) to its
oxidized version (blue).
Luminescence-quencher-paradox. On the one hand, GO and rGO enhance the
ECL of quantum dots by a factor of 3-4 [232]. This is attributed to the fast elec-
tron transfer and strong absorbance of intermediate oxygen species in the case of
rGO [232,233]. GO is also a good intermediate between the QDs and the electrode be-
cause of the matching Fermi-levels of GO (0.9 eV) and CdTe QDs (0.7 eV), and the
overlapping band gaps of GO (1.5-4.1 eV) and the electrode (3.5 eV) [233]. On the other
hand, both materials are reported to be fluorescence “super-quenchers” with long-range
energy transfer properties [211], which is exploited, for instance, for a sensitive mercury
sensor [212].
One may suspect that the enhancer effect and quencher effect annihilate one another.
Indeed, high mass fractions (30-60%) of graphene oxide in a nanocomposite made from
graphene oxide and CdS nanocrystals completely suppress the ECL [234]. However, at
a mass fraction of ∼4.6% a 4.3-fold intensity is found compared to a bare film of CdS
nanocrystals. Thus, the mass fraction of the material decides which effect is promoted
and which is suppressed.
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3 Materials and methods
3.1 Chemicals and materials
3.1.1 Sources and safety
All chemicals, except graphite and solutions for capillary electrophoresis (CE), were
purchased from Merck (Darmstadt; www.merck.de). They were of analytical grade
and used without further purification. Graphite (99%) was from Thielmann Graphite
GmbH (Grolsheim; www.kwthielmann.de). Only ultrapure water was used for synthe-
sis and solutions. The used CE-standard (4-hydroxyacetophenone) and buffer solution
(borat, 20 mM, pH 9.3) were purchased from Agilent Technologies (www.agilent.com).
In the following, high concentrated acids and bases (corrosive), and oxidation agents
are used which require careful handling and appropriate protective equipment (glasses,
coat, gloves). All solids, especially potassium permangate, have to be added to the
liquid sulfuric acid instead of the reverse. Also the mixture will get very hot due to the
oxidation process. Special care should be taken with sodium azide (very toxic). Azido-
products may be explosive, especially if dried. The side-products of this synthesis
require special disposal.
3.1.2 Graphene oxide, GO
Graphite was oxidized by a modified Hummers method to obtain water-soluble
graphite oxide [1]. Briefly, graphite (100 mg) and sodium nitrate (100 mg) were added
into 5 mL of fuming sulfuric acid (97-98%). Then, solid potassium permanganate
(1 g) was slowly added to form the green manganate dimer (Mn2O7). The mixture
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was stirred for 3 days, diluted with sulfuric acid (5%; warning: this has to be done
with extreme caution; the process is highly exothermic) and heated for 3 h to about
100-120 ◦C. After slow addition of 1 mL of hydrogen peroxide (30%), the resulting
solid was collected by centrifugation and washed five times with sulfuric acid (3%)
and hydrogen peroxide (3%), two times with hydrochloric acid (3.7%) and two times
with water. Ions remaining in the solution were removed by dialysis against ultrapure
water (3 days; water was changed every day). The water was removed by lyophilization
to yield ∼50 mg of water-soluble graphite oxide in the form of a light brown powder.
The purity was checked by elementary analysis. The amount of sulfur, nitrogen and
chloride was under wt 0.1% each. Solutions of exfoliated graphene oxide are obtained
by dissolving small amounts of graphite oxide in water (e.g. 0.5 mg mL-1).
3.1.3 Reduced graphene oxide, rGO
The reduction is based on the method published by Stankovich et al. before [2]. A clear
solution of graphene oxide was prepared by sonification of 25 mg of graphite oxide in
25 mL water. After the addition of 25 µL of hydrazine solution (98%) and 50 µL of
ammonia (32%), the mixture was stirred for 15 minutes and subsequently heated for
2 h to about 100-120 ◦C. Ions and reagents remaining in the solution were removed
by dialysis against ultrapure water over 3 days. The dialysis water was changed every
day. The water of the solution was then removed by lyophilization to yield ∼12 mg
of reduced graphite oxide in the form of a black solid. The purity was checked by
elementary analysis. The amount of nitrogen is usally under wt 3.0%. Solutions of
exfoliated reduced graphene oxide are obtained by dissolving small amounts of reduced
graphite oxide in water (e.g. 0.1 mg mL-1).
3.1.4 Azido graphene oxide, N3-GO
A clear solution of graphene oxide was prepared by sonification of 100 mg of graphite
oxide in 35 mL water. 500 mg of sodium azide were added, and the solution was
stirred for three days. Subsequently, it was heated for 2 h to about 100-120 ◦C. Ions
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and reagents remaining in the solution were removed by dialysis against ultrapure
water over 3 days. The dialysis water was changed every day.
For examination of the product by FT-IR and elementary analysis, only a small amount
of the solution was lyophilized. The successful introduction of the azido group was
confirmed by infrared spectroscopy (azide specific vibration at 2126 cm-1). The purity
was checked by elementary analysis. The amount of nitrogen is usally about wt 1.6%.
For experiments with capillar electrophoresis (see Section 7.4.4) the fresh dialyzed
solution was used.
3.1.5 Graphene oxide ethyl ester, GOEE
GO ethyl ester (GOEE) was prepared by adding 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (5.0 mg), N-hydroxysuccinimide (2.8 mg) and ethanol (1 mL) to a so-
lution of GO (5 mL; 0.5 mg mL-1) [3]. The solution was stirred at room temperature
for 12 h. Remaining ions and agents were removed by dialysis against ultrapure water
(3 days; water was changed every day). This solution was diluted (1:40) with the
corresponding buffer solutions.
3.1.6 Britton-Robinson buffers
Britton Robinson buffers of varying pH values and concentrations were used for flu-
orescence and Raman measurements. In order to obtain these, 22.60 mL of 85%
ortho-phosphoric acid, 19.07 mL of 100% acetic acid and 20.74 g of boric acid were
dissolved in water and filled up to 1 liter to create a stock solution of 1 M. This
stock solution was diluted and adjusted with sodium hydroxide and hydrochloric acid,
respectively, controlled by a pH meter to obtain the desired solutions of 10 mM.
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3.2 Instrumentation
pH measurements. A digital pH meter type CG 842 (SI Analytics GmbH, www.si-
analytics.com) was calibrated with standard buffers of pH 4.00 and pH 7.00 (Carl
Roth, Karlsruhe, www.carlroth.com) at 20-60(±2) ◦C. It was used for pH-titrations
and checking of buffer solutions.
Absorption spectroscopy. UV/Vis spectra were acquired on a Varian Cary 50 Bio
(Agilent Technologies; www.varianinc.com) and FT-IR spectra on an Excalibur FTS
3000 Mx (Bio-Rad Laboratories; www.bio-rad.com).
Fluorescence spectroscopy. Luminescence spectra and excitation/emission ma-
trices (EEMs) were acquired on a Aminco Bowman Series 2 (Thermo Spectronic;
www.thermo.com) luminescence spectrometer with AB2 Luminescence Spectrometer
V 5.30 software. Each EEM was obtained by incrementing the excitation wavelength
from 300 to 500 nm in 2-nm-steps. The respective emission spectra were scanned at
an offset of 20 nm from the excitation wavelength up to 600 nm in 1-nm-steps. The
fluorescence intensities at various pH values strongly differ, so that the sensitivity of
the detector for each pH had to be adjusted. Except for pH 10.1, the sensitivity was
set in such a way that the intensity at 470/550 nm was about 85% of the maximum
signal of the detector. The maximum sensitivity of the detector has been used at
pH 10.1.
Raman spectroscopy. All Raman spectra except the ones in Section 5.4 were mea-
sured on a DXR Raman-Microscope (532 nm, Thermo Fisher Scientific;
www.thermofisher.com) at 8 mW CW. The spectra in Section 5.4 were collected by
Stefanie Heydrich (workgroup of Prof. C. Schu¨ller, Physics Department) with an argon
ion laser (at 488 nm, CW) in a self-build setup.
Resistance measurements. Resistance measurements were performed using a self-
built device set up and maintained by Alexander Zo¨pfl [4]. The setup consists of a
gas mixing device with three mass flow controller (Unit Instruments: 1x UFC-8160A;
1x UFC-1660), which provided a constant flow rate at 100 sccm. Simultaneously, the
resistance was measured with a Keithley 2400 sourcemeter at a constant bias voltage
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of 50 mV. The temperature of the flow cell was kept constant at 85 ◦C. All gases used,
were purchased from Linde AG (www.linde-gas.de). Synthetic air (N2: 80%, O2: 20%)
was used as carrier gas and was mixed with a testgas of 300 ppm NO2 or a testgas of
3000 ppm CO2 to obtain desired gas concentrations.
Surface plasmon resonance measurements. All measurements were done with
a Biosuplar 6 surface plasmon resonance spectrometer (Sinzing; www.biosuplar.com).
Refractive index of calibration solutions (NaCl, 100 mM and 200 mM) were determined
with a Zeiss Abbe-Refractometer (Jena, www.zeiss.de).
Miscellaneous characterization methods. TEM pictures were acquired by Heiko
Ingo Siegmund at the Institute of Pathology of the Universita¨tsklinikum Regensburg
on a LEO 912AB/ZEISS device. SEM pictures were take on a Zeiss SEM-device at the
workgroup of Prof. D. Weiss (EHT 7.00 kV, WD 6.8 mm). Auger-ESCA (XPS) was
done with the help of Matthias Sperl (workgroup of Prof. C. Back). TGA and also
some XPS-measurements were acquired by Infineon (Regensburg; www.infineon.com;
collaboration with Dr. Gu¨nther Ruhl).
Conditioning. For dialysis, Visking hoses (type: 8/32”, wall: 0.05 mm, width:
10 mm, diameter: 6.3 mm, MWCO: 14 000 Da) purchased from Carl Roth (Karls-
ruhe; www.carlroth.com) were used. For mass-separation, a Universal 320-centrifuge
from Hettich-Zentrifugen (Tuttlingen; www.hettich-zentrifugen.de) was used. For all
CE-experiments, a capillary electrophoresis system (with diode array detector) from
Agilent Technologies (Bo¨blingen; www.agilent.com) was used.
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4 Characterization of materials
4.1 Overview
The general aim of characterization is to confirm and improve ideas and models of
the materials synthesized. Well-defined models and structures not only tell things
about a specific point (here: (r)GO) in a reaction chain, but details about the pre-
cursor (graphite), possible products (modifications), and also about the reactions and
procedures between them.
Figure 4.1. The examination and characterization of (r)GO not only provides information on the materials themselves,
but also on all coupled/derived materials and processes (blue arrows).
Many optical and electrochemical methods provide easy ways of confirming or falsifing
the structure of the materials created in Chapter 3. Unfortunally, these materials
do not simply consist of a single defined molecular structure but of many different
and complex ones. Thus, every method not just generates particular “peaks” but an
average response on the optical or electrical treatment.
76 Chapter 4. Characterization of materials
However, the particular results still reveal many elements about the structure, i.e.
bounding, groups, defects, etc. Collectively, every response is part of a bigger picture
which must be pieced together in the end to achieve an overall model.
4.2 Dispersion vs. solution
It is sometimes confusing whether a “solution of (reduced) graphene oxide” is really
a solution or rather a dispersion (more exact: suspension). In literature, both terms
are equally used [1].
The origin of the word dispersion is the latin verb dispergere, which means to scatter.
In chemistry, dispersion usually refers to a heterogenous mixture of colloid particles
in a liquid. Light is scattered by these particles and the mixture appears turbid. The
color of the mixture depends on the wavelength(s) of the scattered light, since not
all light is scattered equally (Tyndall effect) [2]. When the particles are very small
(dimensions of molecules), the mixture becomes homogeneous and transparent. It is
then called solution. In contrast to dispersions, light is not (or negligibly) scattered
and the color of the solution depends on the absorption of light, only.
So, both of these definitions are very different cases of solid-liquid mixtures. However,
(r)GO represents an intermediate case. With the aid of sonification, even large flakes
can be exfoliated in water [3]. The resulting mixtures are transparent and homogeneous,
and have absorption in the visible region (see UV/VIS-sections below). Therefore, the
resulting mixture resembles a solution more than a dispersion. Thus, in the following,
it is treated as such.
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4.3 Graphene oxide
Note: This section is concerned with the characterization of graphene oxide prepared
as described in Section 3.1.2. In the following “graphite oxide” refers to the solid ma-
terial used directly from the synthesis whereas “graphene oxide” refers to the exfoliated
material in solutions or thermally dried solutions (e.g. for TEM). The fluorescence
and Raman spectroscopy results of GO are discussed in Chapter 6 and 5, respectively.
4.3.1 Properties of graphite oxide (solid)
Graphite oxide is a pilous, brown solid. Its crystal morphology is hard to describe
because the major part resembles a branch-like structure but very disordered. Large
flat regions also exist which, in contrast, appear organized. Although the branches
“grow” isotopically, every detail of the material is actually flat and planar evolving a
large surface area (see Figure 4.2).
As with most crystal structures, the macroscopic morphology reflects the micro- and
nano-scopic structure. Graphene oxide is considered a 2D material. Therefore, it
makes perfect sense that the bulk material, graphite oxide, forms flat structures as
described above.
The branch-like isotropical growth probably is due to the strong electrostatic behavior
of graphite oxide. Its surface is highly polarized because of a large fraction of oxide
groups such as carboxy acids and hydroxy groups. In consequence, a electrostatic
repulsion force between different planes keeps them away from each other by far.
In solution, the same repulsion allows the preparation of stable solutions in water [4].
Some of the solutions prepared during this thesis are stable for 3 years now. However,
they must be kept in the dark because UV light greatly reduces solubility and leads
to precipation (see Section 4.3.3 for an explanation). It is possible to solve up to
8 mg mL-1 of graphite oxide in water. Apart from water, graphite oxide is also soluble
in some organic solvents [1].
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Figure 4.2. Photos (A-C) and a microscopic picture (D) of graphite oxide. Red arrows mark some of the more
disordered (small branch-like) regions, whereas the blue arrows point to the more organized, flat regions.
Every detail of the material is actually flat and planar (C).
Not surprisingly, graphite oxide is very hygroscopic due to its many oxide groups.
Taking 60 min after lyophilization as reference point, the mass grows by ∼18-25% in
the first 5 days. Most of the mass increment caused by water absorption happens in
the first 24 hours.
4.3.2 Elementary analysis (CHNX)
Combustion analysis is a standard analytical method which provides an easy and fast
way to get an overview over some basic elements (C,H,N plus sulfur and halogenes)
in substances. The purity of any material therefore can be judged by looking at the
ratio of sulfur, nitrogen and chloride.
Table 4.1 shows typical elementary results for graphite oxide prepared as described in
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Section 3.1.2. The atomic ratio can be calculated from the listed mass fractions. For
instance, for the first line a ratio of C:H:O of 100:74:93 is found. Taking the hygroscopy
into account, up to 25% of the mass of graphite oxide is water. Therefore, it makes
sense to substract water from the initial ratio. Assuming that the found hydrogen
fraction completely belongs to water, 37 water units must be removed for the above
example, leaving a C:O ratio of 100:56. Recalculation of the fraction mass results in
25-30% for water which is reasonable. Hence, this “water-correction” is executed for
all analysis findings in this work (see Table 4.1).
Table 4.1. Combustion analysis of graphene oxide prepared as described in Section 3.1.2. Listed are the mass fractions
of the particular elements. aValues below 0.1% are not determinable. i.e. these elements are neglected
for further calculations. bOxide is not directly determinable. It is the total residual. cCalculated without
water-correction. dCalculated with water-correction. eThe fraction mass of water is calculated by assigning
all hydrogen to water.
# Mass [mg] C [%] H [%] S, N, Cl [%] Ob [%] C:O:Hc C:Od Watere [%]
1 2.544 43.42 2.66 < 0.1a 53.92 100:74:93 100:56 25.91
2 2.411 43.24 2.75 < 0.1a 54.01 100:76:94 100:56 26.76
3 2.392 43.09 2.90 < 0.1a 54.01 100:81:94 100:54 28.18
4 2.237 42.92 3.00 < 0.1a 54.08 100:84:95 100:53 29.13
5 2.042 43.30 2.60 < 0.1a 54.10 100:72:94 100:58 25.34
6 3.050 43.38 2.75 < 0.1a 53.87 100:76:93 100:55 26.76
X-ray photoelectron spectroscopy (XPS) reveals similar (uncorrected) ratios of C:O
(e.g. 100:86 for batch 4). However, due to the fact that hydrogen cannot be de-
tected with this technique, there is no criterion for the amount of absorbed water.
Thermogravimetric analysis (TGA) confirmes the high water content.
Other researchers find similar proportions (2:1) of carbon and oxygen in their materi-
als [1]. Though, they all use different synthesis and purification techniques. Addition-
ally, it is unclear wether and how they perform similar corrections for water or gases
such as carbon dioxide (see IR spectroscopy, 4.3.4). This makes it difficult to draw
conclusions.
In contrast, the ratios in Table 4.1 are very comparable to each other. Actually, all
batches of graphite oxide set up during this work result in the same numbers for carbon
and oxygen. This is independent of small variations and of scaling. This exposes the
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robustness of the synthesis.
4.3.3 UV/VIS absorption spectroscopy
The UV absorption spectrum of graphene oxide exhibits one broad band with a maxi-
mum at 228 nm and a shoulder at 300 nm which can be assigned to the pi-pi∗ transition
of C−C (aromatic) and the n-pi∗ transition of carbonyl groups, respectively (see Fig-
ure 4.3). The absorption then slowly decays but extends towards into the visible. This
is causing the orange/brown color of the solution.
Figure 4.3. UV/Vis spectra of graphene oxide revealing a disturbed pi-pi-system. The inlet shows a photo of a typical
orange/brown solution.
The corresponding absorption coefficients can be calculated with the Beer-Lambert
law. It is displayed in Equation 4.1, where β is the concentration in mg mL-1 (here:
1 mg mL-1), d is the path length of the cuvette in which the sample is contained (here:
1 cm) and m is the absorption coefficient in mL mg-1 cm-1.
A(λ) = m(λ) · d · β (4.1)
The calculated coefficients for the wavelengths 228 nm, 300 nm and 700 nm are
0.88 mL mg-1 cm-1, 0.36 mL mg-1 cm-1 and 0.04 mL mg-1 cm-1, respectively. That
implies a 22-fold higher absorption in the UV-region than in the visible region!
Moreover, the high absorption in the UV region (228 nm and 300 nm) is responsible
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for a decomposition process in graphite oxide [5]. During this process, the color of the
material gets darker. Additionally, CO and CO2 (1:3) are released. Also solutions
of graphene oxide kept in daylight tend to precipate and agglomerate. In contrast,
solutions kept in the dark are stable for up to 3 years (see Section 4.3.1).
The stability of solutions depends on electrostatic interactions (repulsion) which is
attributed to the negative charges of carboxy acids and hydroxy groups [4]. Due to this,
it can be concluded that the decomposition involves mainly these groups. The whole
process partly reduces graphene oxide this way. However, it introduces irreparable
holes in the lattice by eliminating carbon atoms, so the material should always kept
in the dark.
4.3.4 Infrared spectroscopy
Figure 4.4. Infrared spectrum of graphene oxide revealing the presence of various oxygen functions.
The FT-IR spectrum indicates the presence of aldehydes and/or ketones (at 1728 cm-1)
and of aromatic C−C double bonds (at 1618 cm-1). Weaker bands can be found that
are assigned to hydroxy (1364 cm-1) and epoxy (1225 cm-1) groups. The broad band
between 2866 cm-1 and 3607 cm-1 indicates the presence of aliphatic and aromatic
C−H and O−H stretch vibrations [6].
The infrared spectra in Figure 4.4 show that graphene oxide absorbes and saves carbon
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dioxide. In the spectra of the CO2-rich sample a characteristic peak appears, viz.
2349.5 cm-1 which matches the typical CO2-band (2349.4 cm-1) [7]. This peak also
appears in the low-CO2-spectra but its intensity is tiny.
The absorption of carbon dioxide is slightly examined [8,9]. At room temperature about
3 wt % are saved by (reduced) graphene oxide [9]. One CO2 molecule corresponds to
2 wt % of the C:O ratio of 100:56 developed in Section 4.3.2, i.e. between 1 and 2
molecules are saved per 100 carbon atoms. If one CO2-unit is subtracted from the ratio
and re-normalized again to 100 carbon atoms the ratio becomes 100:55, and 100:53 for
two units. The difference in both cases is negligible, so a “carbon-dioxide-correction”
is omitted in this work.
The absorption of carbon dioxide depends on both temperature and on the number of
layers [8]. At 195 K a monolayer saves up to 37.93 wt % of CO2. In contrast, four layers
save just 13.25 wt %. Theoretically, with surface infrared spectroscopy it should be
possible to determine the number of layers of graphene oxide by measuring the intensity
ratios of the CO2-peaks and various GO-peaks. A reliable and fast optical method
is in demand since Raman spectroscopy of GO does not provide similar information
on the number of layers such as for pristine graphene (see Chapter 5). However, the
feasibility and the reliability of this (possible) method have yet to be examined.
4.3.5 Electron microscopy
Examinations with scanning electron microscopy (SEM) and tunneling electron mi-
croscopy (TEM) clearly point to a limitation of the Hummers method. It provides
easy access to (reduced) graphene oxide with only a few steps and low costs for source
materials. However, the inhomogenity in shape and size of the resulting “chaotic”
product with its ill-defined structure is disadvantageous (see Figure 4.5).
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Figure 4.5. Distribution of shape and size of graphene oxide: The SEM (left) shows that flakes differ in shape and
size. The TEM (right) shows a larger flake. Clearly visible are the folding lines and also some aggregates
on top of the flake.
4.3.6 pH titration
The first researchers referred to graphite oxide as “graphitic acid” (see also Chapter 1)
due to its properties [10]. It seems natural to explore this acidity of graphene oxide
by simple pH titration but it is only done occasionally in literature [11,12]. Solutions of
graphene oxide usually show pH levels between 3.5 and 4.5.
The titration plot of graphene oxide is very clear and linear at a first glance. If the
titration is performed with great care, a wave-like curve between a pH of 3.9 and
9.5 is formed and two unobtrusive equivalence points appear (see Figure 4.6A). It is
understood that a linear titration plot is a feature of an acid with multiple pKa values
near to each other, e.g. citric acid. Therefore, it is difficult to estimate each individual
pKa but the two at 4.7 and 6.7. From pH 9, the curve linearly increases to a pH of
11.1, which originates from the “pure” base.
The two pKa values, 4.7 and 6.7, are believed to be average representations of various
ones. No additional values are found if graphene oxide is titrated with HCl (10 mM). In
accordance to the pH dependent fluorescence (see Figure 4.6B) the first one is assigned
to carboxy groups.
The other one is not easy to assign. Screening of small molecules and their pKa-values
reveals both examples for carboxy and for hydroxy groups with the respective pKa
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Figure 4.6. (A) Titration plot of graphene oxide (2.2 mg) using a 10 mM solution of NaOH. It shows the two
unobtrusive equivalence points. Since there is no hint for the “last” point, it is not possble to assign an
eventual third pKa3 value, clearly. (B) Fluorescence intensity of GO plotted as function of the pH value
of the solution at various temperatures. The two inflection points are assigned to the dissociation of the
carboxy groups (at 4.5) and the phenolic hydroxy groups (at 8.8), respectively. For more informations,
see Chapter 6.
constants exist (cf. fluorescein, mellitic acid, several naphthalene derivates). There-
fore, it is impossible to clearly assign. Also, there is a chance that both hydroxy and
carboxy elements are responsible for this constant. Interestingly, this group does not
contribute at all or only slightly to the fluorescence intensity. This fact implies that
the responsible groups could be bonded to defect sites (i.e. sp3 or isolated sp2 regions)
of graphene oxide.
A short linear region after the second equivalence point can be assigned to the hydroxy
groups of graphene oxide. Unfortunately, the third equivalence point is hard to find,
so the corresponding pKa is probably a value between 7.8 and 9.1. Since the titration
plot increases linearly after a pH of 9.1, it is difficult to see wether other hydroxy
groups are dissociating. Considering model molecules such as naphthol or phenol or
the like with pKa values ranging from 9 to 10, more groups in graphene oxide could
exist, eventually. A total pKa of 9.0 for the hydroxy groups can be calculated if an
average pKa of 9.5 is estimated for the last region. This almost perfectly matches the
results of the pH dependent fluorescence measurements. However, for good measure
the titration end is considered the point at pH 9.1.
Molecules screened for comparance have structure elements that occur on graphene
oxide. Some of them are sketched in Figure 4.7. By considering the various influences
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on the acidity of a proton-donating group, it is clear why graphene oxide possesses
multiple different pKa values, resulting in a near-to-linear titration plot.
Figure 4.7. Model molecules for assignment of the pKa of graphene oxide. The red numerals show the corresponding
pKa of the groups. For clarification not all values are listed. Values taken from ref. 13.
The end point (pH 9.1) is at 3600 µL titration volume, which is equal to 36 µmol
protons per 2.2 mg of GO. If the acidic oxygen groups are considered as criterion for
numbering of graphene oxide “molecules”, the proton concentration can be inversed
to a molar mass of about 61.11 g mol-1 (∼ C3O1.5) for graphene oxide.
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Assuming that every hydrogen is bond to oxygen and, therefore, is exchangeable at
appropriate pH levels, the number of total hydrogen is 18 µmol per mg of GO. This
assumption is suggested by the difference in the reactivity of carbon atoms in the
synthesis (see Chapter 7). In particular, the most reactive carbon atoms are at the
edge and defect (e.g. sp3) sites, i.e. they are preferentially oxidized as high as possible
leaving no (direct, i.e. from carbon to hydrogen) bonds for hydrogen atoms. In
contrast, non-reactive atoms stay in their orginal sp2 state with all bonds to other
carbon atoms.
36 µmol of protons correspond to 1.05 µmol of GO (C100O56, 2096 g mol-1), in other
words, there are 34 hydrogen atoms per GO-block, resulting in a C:O:H ratio of
100:56:34, which seems reasonable. Last, the ratio of carboxy and hydroxy groups
can be estimated. For the carboxy groups all protons from 0 to 1350 µL in the titra-
tion plot are counted, and for the hydroxy groups all protons from 2700 to 3600 µL,
respectively. The area in between is evenly parted for both types, so additional 675 µL
each. That leads to a ratio of 9:7. If this result is included in a sum formula for the
GO-block above, it can be written as C81O3(OH)15(COOH)19.
4.3.7 Piece together the puzzle
Elementary analysis provides the ratio of carbon to oxygen (100:56) for GO. This ratio
is actual very high and implies that (on average) every second carbon atom carries
an oxygen atom! The results of the optical methods (IR, UV/VIS, fluorescence) and
pH-titration lead to the conclusion that the oxides mainly consists of carboxy acids,
hydroxy groups and some epoxy groups.
However, Raman spectroscopy clearly reveals the existence of large crystalline planes
in graphene oxide. Crystalline planes do not possess any oxygen at all. Due to this,
other regions have to compensate this zero-oxygen zones to result in an average C:O
ratio of 100:56. In other words, there have to be highly oxidized regions, which even
surpass the previously mentioned ratio of 100:56!
Taking the GO-block of the pH-titration as basis (C81O3(OH)15(COOH)19) and count-
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ing the three remaing oxygen as epoxy groups, the ratio of crystalline C to oxidized C
is exactly 1.5 (60:40). Let us consider a zone of 200 oxidized carbon atoms. These
200 atoms “support” another 300 crystalline atoms. On average, 500 carbon atoms
carry 280 oxygen atoms, altogether. However, these have to be only assigned to the
oxidized carbon atoms resulting in a ratio of 200:280 (C:O)! Of course, this is one
of two extremes, and very probably intermediate C:O ratios are present between the
highly oxidized and non-oxidized zones.
All the data was compiled into a model for graphene oxide presented in Figure 4.8.
The form and size is derived from one of the TEM pictures shown before. Since it is
near to impossible to sketch a whole flake on the molecular level, this model consists of
a pixelated map. The color of the pixels represent the oxidation level at the particular
points to give an impression about the distribution of oxygen on the surface.
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Figure 4.8. A representative flake (area: ∼13 µm2) derived from the shown TEM picture (E). Every pixel represents
an area of 17 nm by 17 nm. The color of the pixel scales the oxidation level of the corresponding region
(see bottom right corner). Three different regions are detailed: The border region (A) is created by the
scissor effect of the manganese oxides and, therefore, mostly possesses carboxy groups. Large crystallite
zones (B) exist, i.e. non-disturbed sp2-systems. These areas are enclosed in heavily oxidized segments
(C,D). The depicted segments display (C) an average C:O ratio of 100:56 and (D) a near-to-maximum
C:O ratio of 202:258. The blue dots in the latter segment emphasize the very few connections to the
remaining graphene oxide system.
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4.4 Reduced graphene oxide
Note: This section is concerned with the characterization of reduced graphene oxide
prepared as described in Section 3.1.3. The Raman spectroscopy part of rGO is dis-
cussed in Chapter 5. Conductometry of rGO is discusses in Section 8.2.
4.4.1 Properties of reduced graphite oxide (solid)
Reduced graphite oxide is a black, crystalline powder (see Figure 4.9). It does not
possess the complex crystal morphology of graphite oxide but shares a similar repulsion
force at the surface.
Figure 4.9. Two photos of reduced graphite oxide. It possesses a black texture and a shiny, metallic glare. The overall
material is crystalline (blue arrows) but similar to graphite oxide has some small, disturbed features (red
arrows).
In contrast to graphite oxide, the oxygen:carbon ratio is much lower. Since the oxygen
groups are considered the source of the repulsion force, it can be concluded that
this force is decreased. Combined with more interplanar forces such as pi-pi stacking
in consequence of the reduction and recovering process, the crystalline structure of
reduced graphite oxide seems reasonable. Still, the smaller repulsion force allows the
preparation of stable solutions in water (up to 2 mg mL-1). Some of the solutions
prepared during this work are stable for 2 years now. However, the same storage
conditions as for graphene oxide solutions must be maintained. Similarly, UV light
reduces solubility and leads to precipation. Last, the bulk resistantivity is lowered
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(∼ 2-5 kΩ) compared to graphite oxide (∼ 150 kΩ). Electrons are considered to move
more unimpeded in reduced graphite oxide due to the recovering of large parts of the
pi-system.
4.4.2 Elementary analysis (CHNX)
Table 4.3 shows typical elementary results for reduced graphite oxide. The materials
investigated were prepared as described in Section 3.1.3. The atomic ratio can be cal-
culated from the listed mass fractions. For instance, for the first line a ratio of C:H:O:N
of 100:59:45:4 is found. Reduced graphite oxide is more hydrophobic. Therefore, only
small fractions of water are found and corrected. In case of the above example, 30 wa-
ter units must be removed, leaving a C:O:N ratio of 100:15:4 (see Table 4.3). This
result is confirmed by XPS. TGA reveals similar mass fractions for water.
Table 4.3. Examples of combustion analysis of reduced graphite oxide prepared in Section 3.1.3. Listed are the mass
fractions of the particular elements. aValues below 0.1% are not determinable. i.e. these elements are
neglected for further calculations. bOxide is not directly determinable. It is the total residual. cCalculated
without water-correction. dCalculated with water-correction. eThe fraction mass of water is calculated by
assigning all hydrogen to water.
# Mass [mg] C [%] H [%] N [%] S, Cl [%] Ob [%] C:O:H:Nc C:O:Nd Watere [%]
1 2.421 58.93 2.91 2.83 < 0.1a 35.33 100:45:59:4 100:15:4 2.76
2 2.429 58.48 3.00 2.79 < 0.1a 35.73 100:46:62:4 100:15:4 2.73
GO 2.544 43.42 2.66 < 0.1a < 0.1a 53.92 100:74:93:0 100:56:0 25.91
Figure 4.10. The complete and incomplete reaction of the epoxy groups with hydrazine during the reduction step
(see Section 7.3 for more information). Adapted from ref. 14.
Conspicuously, there is a large incorporation of nitrogen in reduced graphite oxide
which is not removed by dialysis. This nitrogen is probably due to a incomplete
reaction of hydrazine with epoxy groups on the surface (see Figure 4.10) [14]. Still, the
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resulting ratios are very comparable to each other. Similar to graphite oxide, this is
independent of small variations and of scaling, which confirmes the robustness of the
reduction step.
4.4.3 UV/VIS absorption spectroscopy
The UV absorption spectrum of reduced graphene oxide exhibits one broad band with
a maximum at 260 nm. It can be assigned to the pi-pi∗ transition of C−C bonds of
the aromatic system (see Figure 4.11). The absorption then slowly decays but extends
towards into the visible. This is causing the grey/black color of the solution.
Figure 4.11. UV/Vis spectra of (reduced) graphene oxide revealing the recovery of the pi-pi-system. The inlet shows
a photo of a typical black solution of rGO.
The calculated coefficients (1 mg mL-1) for the wavelengths 260 nm and 700 nm are
0.64 mL mg-1 cm-1 and 0.20 mL mg-1 cm-1, respectively. That implies only a 3-fold
higher absorption in the UV-region than in the visible region (cf. 22-fold for GO).
Still, solutions of reduced graphene oxide tend to precipate under UV-light.
4.4.4 Infrared spectroscopy
The FT-IR spectrum of reduced graphene oxide gives only limited information about
functional groups. The overall transmission is very low and no distinct peaks as in
the case of graphene oxide are present (see Figure 4.12). However, there are two steps
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between 1533-1600 cm-1 and 1350-1470 cm-1, respectively.
Figure 4.12. Infrared spectrum of graphene oxide and reduced graphene oxide. It reveals the presence of various
oxygen functions in GO but gives only limited information for rGO, except for the two steps between
1533-1600 cm-1 and 1350-1470 cm-1, respectively.
These steps not only fit the vibrations of the aromatic C−C double bond and the
hydroxy/carboxy groups of graphene oxide. They are also congruent with the familiar
G- and D-peak in the Raman spectrum (see Chapter 5).
4.4.5 Electron microscopy
The reduction of graphene oxide described in Section 7.3 does not result in any major
changes of the flake size or form. Not surprisingly, the TEM of the reduced product
exhibits no additional or missing features (see Figure 4.13).
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Figure 4.13. TEM pictures of graphene oxide (left) and its reduced form (right). Both show the folding lines and the
chaotic shape of the flakes. Also some aggregates on top are visible.
4.4.6 pH titration
Stable solutions of reduced graphene oxide possess pH values of between 4 to 5 due
to the presence of carboxy acid groups on the surface. Similar to graphene oxide, the
titration plot shows a large linear region but with an increased slope (see Figure 4.14).
Figure 4.14. (A) Titration plot of reduced graphene oxide (5.0 mg) using a 10 mM solution of NaOH. The two first
equivalence points were assigned by using the pKa values from graphene oxide. The end point is chosen
at the tiny wave at 3500 µL. (B) Titration plot of graphene oxide for comparison.
Reduced graphene oxide is derived from graphene oxide. If the reduction process is
considered only as an elimination of oxide groups but not their creation, then all groups
on rGO are already present on GO. Conclusively, it is natural to apply the same pKa
values to it.
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Based on this, the pKa values of 4.7 and 6.7 from GO are used to determine the first
titration zones. Looking closely, a tiny wave at 3500 µL (pH 9.4) can be seen which
is choosen as the end point. The pH-level of this point is similar to the one of GO.
After that, the pH level increases slowly until 10.1 (at about 10 mL).
The end point is equal to 35 µmol protons per 5.0 mg of rGO. If the acidic oxygen
groups are considered as criterion for numbering of rGO “molecules”, the proton con-
centration can be inversed to a molar mass of about 142.86 g mol-1 (∼ C9.5O1.4N0.4).
35 µmol of protons correspond to 3.3 µmol of rGO (C100O15N4, 1496 g mol-1), so there
are about 10 protons per rGO-block. Equally to GO, the titration plot is divided
into three zones. The first zone from 0 to 175 µL and half of the second zone (175-
1675 µL), i.e. 750 µL, is assigned to carboxy groups. The remaining protons from
925 to 3500 µL are considered from hydroxy groups. That leads to a ratio of 3:7 for
COOH:OH, respectively.
If this result is included in the sum formula for the rGO-block above, it is written
as C97O5N4(OH)7(COOH)3. In comparance with the sum formula of the GO-block,
viz. C81O3(OH)15(COOH)19, the ratio not only inverted but increased in favor of the
hydroxy groups.
This low content of carboxy groups correlate with the fluorescence behavior of both
materials. In GO, these groups (with pKa of 4.7) have the strongest impact on the
fluorescence intensity. If protonated, the intensity is at a maximum and decreases by
nearly 60% if completely deprotonated. After their removal in the reduction process to
rGO, fluorescence no longer can be monitored. Conclusively, the electron-withdrawing-
effect (negative inductive effect) is primarily responsible for the existence of a band
gap in graphene oxide.
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4.4.7 Piece together the puzzle
Similar to graphene oxide, all the characterization data is compiled into a pixelated
map of an example flake (see Figure 4.15). Comparing both maps optically implies
an increment of the crystallite zones. However, Raman spectroscopy reveals that the
crystallite lattice does not grow during the reduction process. At the same time, results
from other methods (absorption of UV/Vis and IR, the absence of fluorescence, the
reduced bulk resistantivity) suggest an increase of the pi-pi-system.
This obvious contradiction is solved by examining the oxidized zones in graphene
oxide. There, many inner holes exist caused by the strong oxidation process during the
synthesis. The reduction process cannot heal missing carbon atoms. On the contrary,
removing the carboxy groups will further reduce the number of carbon atoms and in
turn widen the inner holes.
Conclusively, in rGO the same perfect crystallite zones as in GO are present. Ad-
ditionally, new crystallite parts between these zones are opened up. These allow for
more rapid electron movement (see Section 5.4 for details). For the model, a grey
scale is introduced reflecting these different crystallite parts. The more black the more
perfect is the crystal lattice this pixel represents.
Elementary analysis yields the ratio of carbon to oxygen to nitrogen (100:15:4) for
rGO. The results of the optical methods (IR, UV/VIS, fluorescence) and pH-titration
lead to the conclusion that the oxides mainly consists of carboxy acids and hydroxy
groups. Taking the rGO-block of the pH-titration as basis (C97O5N4(OH)7(COOH)3)
and counting the five remaing oxygen atoms as single oxidized carbon atoms (e.g. for
hydroxy groups having very high pKs values), the ratio of crystalline C to oxidized C
(including “nitrogenized” carbon atoms) is about ∼4.3 (81:19). Expectably, this ratio
is much higher that for GO and consistent with the results described above.
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Figure 4.15. A representative flake (area: ∼13 µm2) derived from the shown TEM picture (E). Every pixel represents
an area of 14 nm by 14 nm. The color of the pixel scales the oxidation level of the corresponding region
(see bottom right corner). In addition to graphene oxide, the “perfectness” of the crystal lattice is
represented by a gray scale. The more white the more (and larger) holes the crystal lattice has at the
corresponding pixel. Four different regions are detailed: The border region (A) has a lower amount of
carboxy groups than graphene oxide. Large perfect (B) and less perfect (C) crystallite zone exist. Some
regions are still significantly oxidized (D) and, moreover, possess nitrogen impurities. The depicted
segment display the average C:O:N ratio of rGO.
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5 Raman spectroscopy of (reduced)
graphene oxide
5.1 Overview
Raman spectroscopy has emerged as a standard tool for characterization and iden-
tification of carbon materials because it provides a fast, nondestructive method of
examining samples [1,2]. It is therefore not surprising that graphene and related mate-
rials are routinely examined with Raman spectroscopy [3–8]. Raman spectra of graphene
materials are simple, containing few peaks, but are unfortunately not so simple to in-
terpret [2]. Further, I am only aware of one publication from 2007 that is concerned
with a (deeper) investigation and interpretation of the Raman spectra of graphene ox-
ide [8]. This is most likely because many publications discount the information in these
spectra as simple “because-of-oxygen-induced”-features, without any further analysis.
Although an extensive investigation of the Raman spectra is beyond the scope of this
work, this chapter proposes a basic approach for spectra interpretation.
5.2 Pristine graphene
First, one should consider the vibrational modes of pristine graphene, given their
simple and well-defined structure. The Raman spectrum of a monolayer graphene flake
prepared by the Scotch-tape-method is given in Figure 5.1A. It shows two important
features, namely the G-peak at 1584 cm-1 and the 2D-peak at 2676 cm-1. The first
order of the 2D-peak, the D-peak, is only present in samples with defects, and appears
at around 1300 cm-1 [2].
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Figure 5.1. (A) Raman spectrum of a monolayer graphene flake measured in the center of the flake. Spectra adapted
from ref. 9, with permission. (B) The two vibrational modes, E2g and A1g, are assigned to the G- and
D-peak, respectively.
There are only two Raman active modes in a defect-free graphene lattice, viz. E2g and
A1g (breathing mode) [10,11]. These modes are depicted in Figure 5.1B, and are often
assigned to the G- and D-peak, respectively [11], when modeled from a molecular point
of view. However, some characteristics of the D-peak cannot be explained with the
latter assignment, when a macroscopic view (as in the case for graphene materials) is
adapted. For instance, the D-peak and its overtone are dispersive. In some samples,
the 2D-peak is present even if the D-peak is not visible (as in the example spectra
in Figure 5.1A) [2]. Further investigations led to the assignment of a double resonant
Raman process as the cause of the D-peak [12].
An important and interesting feature of the overtone of the D-peak, the 2D-peak
(sometimes called G′-peak), is its dependence on the number of graphene layers [1].
This is attributed to the splitting of the pi and pi∗ bands caused by the interaction of
the individual layers in an AB-structure [3].
5.3 Graphene oxide
In contrast to pristine graphene, the Raman spectra of (reduced) graphene oxide pos-
sess three (four when considering the D-peak) additional peaks. The spectrum of
(r)GO is similar and, from the viewpoint of pristine graphene, graphene oxide is the
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contrary extreme in terms of oxidation level. Thus, only graphene oxide is discussed
in the following paragraphes.
A typical spectrum of graphene oxide is given in Figure 5.2. In addition to the peaks
in the Raman spectrum of the graphene flake reported in Figure 5.1A, it possesses
distinct D-, 2D-, 2D′- and D+G-peaks.
Figure 5.2. Raman spectrum of graphene oxide.
The assignment of these peaks to vibrational modes or other features in GO is not
straightforward. First, it is noteworthy that both the G- and D-peak are not spec-
traly resolvable but indeed share the same, broad base from about 1250-1650 cm-1.
In contrast to the peaks of the graphene flake, they are both asymmetrical. Such
broad peaks imply that these two modes each consist of the convolution of multiple
components. Additionaly, there is a blue shift of the G-peak from around 1580 cm-1
(pristine graphene) to 1606 cm-1 in graphene oxide.
Kudin et al. investigated these features using DFT calculations of various
carbon/oxygen configurations possibly represented in GO [8]. The segments consisted
of alternating ribbon-oxygen structures. Their results explained the blue shift as an
“alternating pattern of single-double carbon bonds within the sp2 carbon ribbons”.
Furthermore, they presented and calculated some (basic) models, which clearly show
that different arrangements of epoxy and hydroxy groups on a graphene lattice resulted
in peaks between 1350 and 1600 cm-1.
This result is supported by the infrared spectrum (see Section 4.3.4), which displays
a distinct band at 1364 cm-1 that can be assigned to hydroxy groups. Since IR and
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Raman are complementary, it is natural to assume that at the same wavenumber,
a Raman-active process could occur. Raman investigation of smaller molecules such
as benzoic acid [13] and mellitic acid [14] reveals more possible modes. For instance,
the symmetrical O−C−O stretch vibration is assigned to the spectral region between
1330-1430 cm-1 [13,14].
As mentioned above, the shape, width and position of the 2D-peak depends on the
number of graphene layers [1]. This correlation cannot be applied to the case of GO.
Oxygen plasma-induced disordering on single-layer graphene reveals that the shape
and intensity of the 2D-peak significantly changes during this process [15]. This corre-
lates the large influence of oxygen to the shape of the 2D peak.
Additionally, there are strong electrostatic repulsion forces between the single GO
flakes (see Section 4.3.1). Thus, the distance between two layers should be much
larger as compared to pristine graphene, rendering any interaction effects between
the crystallite planes negligible. For flake stacking to occur, the crystallite planes
would need to be aligned in exact AB-order [3]. This is clearly not possible due to the
heterogenous and random structure of GO.
This structure makes it difficult to assign the overtone peaks to a dominant cause. For
instance, the 2D′-peak and the D+G-peak could be caused by water, given that GO
is extremely hydrophilic and water possesses (large) Raman modes in this region [16].
Also, aliphatic and aromatic C−H and O−H stretch vibrations of organic molecules
occur in this region [13,17]. However, slightly modified versions (e.g. by esterification,
amidation, substitution) of GO could be compared to one other and to realistic models
(e.g. by DFT). Indeed, substantial effort is needed to systematically screen all the
influences on the Raman spectra of GO and its modifications. This, however, would
provide many new insights in all GO-related structures and processes.
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5.4 Size of crystallites
The size of in-plane crystallites is an important parameter for characterizing graphene-
related materials. For instance, the electrical resistivity is considered to partly arise
from the hopping of charge carriers between the crystallite zones [18]. Obviously, the
crystallite size La should be somehow related to the D peak in the Raman spectrum,
since it expresses disorder/defect in a system. La can be expressed by the following
equation [18,19]:
La[nm] = 2.4 · 10−10 · λ4 · IG
ID
, (5.1)
where λ is the excitation wavelength and, IG and ID are the intensities of the G and
D peak, respectively. This simplified relation allows the direct calculation of La from
the Raman spectrum.
With this relation and a quick experiment, it is easy to examine how the precursor
material influences the structure of graphene oxide. Two types of graphite are consid-
ered here, viz. flake graphite (35 mesh) and graphite powder. The Raman spectra of
both are shown in Figure 5.3A. Clearly, the graphite powder has higher disorder (see
D and D′ peaks) whereas the flake graphite possesses no D peak at all. The intensity
ratio for the graphite powder is 12.5 (IG/ID) resulting in a calculated La of 240 nm.
For flake graphite, the ratio is difficult to determine due to the absence of a D-peak.
Regardless, given the intensity ID at the same position as for the graphite powder
(1363 cm-1), the ratio IG/ID is 62.7 and La 1206 nm, which suggests a 5 times larger
crystalline zone.
Typically, graphene oxides made from these graphite types (“flake-GO” and “powder-
GO”) are expected to have similar characteristics. However, Figure 5.3B reveals quite
the contrary. Powder-GO possesses a higher D/G-ratio than flake-GO and, therefore,
has the larger crystalline plane structure, viz. 35 nm for powder-GO and 27 nm for
flake-GO.
Conceivably, the use of flake graphite in the synthesis leads to a longer preoxidation
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Figure 5.3. (A) Raman spectra of flake graphite and graphite powder. (B) Raman spectra of two GO types made
from flake graphite and graphite powder, respectively.
step since the interplanar forces are much stronger (more pi-pi stacking) and the ni-
trogen oxide species have more time for intercalation and oxidation. As a result more
oxygen is distributed over the planes compared to powder-GO. The latter promotes a
faster start of the main oxidation step because of the higher number of edges, which
can be accessed early by the manganese oxide species. However, one must also con-
sider that the difference between both GO types is perhaps a natural variation of
the synthesis. Nevertheless, this possibility is excluded by elementary analysis, which
indicate a very robust synthesis method.
Figure 5.4. (A) Raman spectra of graphene oxide and reduced graphene oxide showing similar G/D-ratios. (B) Model
of the potential barrier between two crystalline zones. The removing of oxygen and the recovery of the
pi-system reduce the potential of the barrier allowing the electrons to pass more easily. By looking at the
structure models, it is obvious that the reduction removes the oxygen, but a bottleneck between both
crystalline zones still remains, since missing carbons in the lattice cannot be healed.
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Next, graphene oxide can be compared to its reduced version. By removing oxygen
and recovering parts of the pi-system, the crystalline zones would be expected to grow.
In contrast, La of rGO is very similar to that of GO, indicating no change in the
crystallite size (see Figure 5.4A).
The border of the crystalline zone is considered a potential barrier that electrons must
pass to move from one crystalline zone to another. Although La does not change
as a result of reduction, the conductivity still increases. This observation leads to
the conclusion that the potential barrier is only lowered to a certain degree, but not
completely removed. In more simple terms, the reduction does not heal the damage
caused by the oxidation of graphite (see Figure 5.4B).
In general, these results are consistent with TEM examinations of the local structure of
(reduced) graphene oxide, although the size of the observed crystallite zones is smaller
(2-6 nm) [20,21]. This may be attributed to the following two reasons. First, it is not
clear if the experimental data from these publications is (statistically) representative.
Second, the exact composition of the G- and D-peak in (r)GO is also not completely
resolved, thus the intensities used to determine the crystallite size could be too high.
In this case, Equation 5.1 would require a correction factor or function.
5.5 pH-dependent Raman spectra
In contrast to other methods such as IR spectroscopy, Raman spectroscopy allows
measurement in aqueous solutions. The Raman spectra of water possesses one large
feature in the region of 3000-3600 cm-1 for the symmetric O−H stretch [16,22].
Given that graphene oxide is a water-soluble acid, it is interesting to study the pH-
dependence of the Raman modes. The overall intensity of the G-, D- and overtone
(2D, D+G, 2D′) Raman peaks is very low. Thus, a minimum of 100 Raman spectra
per solution were necessary to differenciate signals in the G- and D-region. In all cases,
the overtone region contained no peaks. Upon comparison of the spectral position,
width and intensity of the two visible bands (G and D), it is clear that the position of
the G peak depends on the pH (see Figure 5.5A).
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A plot of the change in Raman shift versus pH for the G peak shows two distinct
changes in slope at pH 5.0 and 8.5 (see Figure 5.5B). These two inflection points
occur at a similar pH to those found in the titration plot (see section 4.3.6) and the
pH dependent fluorescence measurements (see chapter 6). Given these correlations,
the inflections at pH 5 and 8.5 can be assigned to the carboxy and hydroxy groups,
respectively. The deprotonation of the hydroxy group has a larger effect on the shift
of G than for the carboxy groups. This is in contrast with the fluorescence intensity
measurements, where the carboxy group has a greater influence than the hydroxy
group has.
Figure 5.5. (A) Raman spectra of graphene oxide in water. The 2D region is not visible due to low overall intensity.
The small features are caused by the used buffer solution. The inset shows the movement of the G peak
with increasing pH level. (B) Shift of G peak as a function of pH revealing the two pKa values of 5.0 and
8.5. The pink dot at pH 1 is considered an outlier and is attributed to the reduced solubility.
One can also observe [16] a small O−H bending mode at 1646 cm-1. This mode was
visible during the measurement of the blank buffer solutions. However, the intensity
of this mode is much lower than the intensity of the G-peaks, and it did not show any
dependence on the pH value.
As previously discussed, the G-peak represents the E2g-mode for carbon
(nano)materials. For graphene oxide, it is likely the sum of the actual G-peak and
other modes actived by hydroxy or carboxy groups. If the E2g-mode dominates the
G-peak, the shift can be attributed to electronic doping of crystallite zones in GO,
similar to pristine graphene [23]. This explains why the carboxy group has a smaller im-
pact on the shift than the hydroxy group, since carboxy groups exert both a negative
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inductive (-I ) and a negative mesomeric (-M ) effect. Even if electrons are “released”
by deprotonating, they are not donated to the crystallite zones. So, a small amount
of additional net charges are present in the crystallite zones. In contrast, hydroxy
groups have a small negative inductive (-I ) but a strong positive mesomeric (+M )
effect. Here, deprotonating releases and donates the charges to the crystallite zones
explaining the large shift of the G-peak of about 15 cm-1.
Obviously, only aromatic carboxy and hydroxy groups are involved in this mechanism.
There is no pKa at around 6.7 in contrast to the case in the pH titration experiment.
This is consistent with the pH dependent fluorescence measurement (see Chapter 6).
If other bending or stretching modes (e.g. O−C−O) dominate the G-peak instead of
the E2g-mode, carboxy groups would have a larger impact on the shift, as compared
to the hydroxy groups. This is because more carboxy groups than hydroxy groups are
present in graphene oxide. Also, the effect would not be limited to aromatic groups.
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6 Fluorescence of graphene oxide
6.1 Overview
The oxidation level of graphene oxide introduces a band gap which enables photolu-
minescence to occur [1,2]. However, it has only sparsely been examined [1–3]. Eda et al.
have photoexcited GO at 325 nm and observed a blue luminescence [4]. Chen et al.
examined the pH-dependence of the fluorescence and the effect of the ionic strength
in the visible and near-infrared spectrum [5].
Obviously, there is a gap in the visible range of the spectrum. Thus, this chapter
presents a systematic study on the multiple fluorescence of GO in the near-UV and
visible part. Especially, the dependence on excitation wavelength, emission wavelength
and pH value are examined and discussed.
6.2 Fluorescence in the near-UV and visible range
The pH dependence of the fluorescence of GO in water solution at fixed excita-
tion/emission wavelengths of 470/555 nm was studied first. Figure 6.1A shows that
pH exerts a large effect. At pH 1.5, the intensity is about 10 times higher than that
at pH 10.1. Inflection points can be identified in the titration plots at pH 4.5 and 8.8.
The first one can be assigned to the dissociation of carboxy groups, and the second
one to the dissociation of aromatic hydroxy groups, respectively. This is in agreement
with results from pH titration (see Section 4.3.6) and other methods discussed before.
Temperature exerts a minimal effect (only about 2%) on fluorescence intensity between
20 and 60 ◦C. Oxygen does not act as a quencher.
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Figure 6.1. (A) Fluorescence intensity (exc/em 470/555 nm) of GO (0.1 mg mL-1) plotted as function of the pH value
of the solution at various temperatures. The two inflection points are assigned to the dissociation of the
carboxy groups (at 4.5) and the phenolic hydroxy groups (at 8.8), respectively. (B) If GO is converted
into its ethyl ester, the first inflection point disappears. The GO ethyl ester also is less soluble in water
at lower pH values which results in lower total fluorescence intensity (pH 1 and 2).
In order to prove that the carboxy group is responsible for the transition at around
pH 4.5 (the typical pKa value of aromatic carboxy acids), GO was converted into its
ethyl ester (GOEE) as described in the experimental part (see Section 3.1.5). Indeed,
the plot for GOEE has only one inflection point at pH 8.8 (see Figure 6.1B) that can
be assigned to the phenolic hydroxy groups of GO.
The absorption spectrum of GO (see Section 4.3.3) is typical for species where numer-
ous transitions occur in parallel. The shoulder at around 300 nm is typical for the
n-pi∗ transitions which invariably occur at about this wavelength, are rather weak in
intensity, and result from the various kinds of carbonyl groups present in GO.
They easily undergo intersystem crossing to a triplet state and do not cause strong
fluorescence in general. Transitions of the pi-pi∗-type, in contrast, are highly variable
in terms of wavelength and intensities. They can occur anywhere between 220 and
600 nm and lead to S1 states that can undergo various kind of deactivation. Aside from
vibrational deactivations, these include intersystem crossing, hydrogen bond deactiva-
tion (such as diabatic photodissociation of hydroxy groups), intra- and intermolecular
energy transfer, and/or quenching.
It seems that flakes of GO (or sections thereof) can quench (sections of) other flakes.
It is virtually impossible to identify the pi-electron system that is causing the fluo-
rescence peaks observed, in particular the strong ones located at excitation/emission
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wavelengths of 360/580 nm and 470/560 nm [6,7].
In order to obtain a complete picture of the complex luminescence of GO, the
excitation-emission matrices (EEM) of GO were acquired at pH values between 1.0
and 10.1 and are shown in Figure 6.2. EEMs are a valueable tool to characterize
materials with complex intrinsic fluorescence. These have been used before to char-
acterize materials like human tissue [8], serum [9], diesel fuel [10], crude oil [11] and water
samples [12,13].
Figure 6.2. Excitation-emission matrices of graphite oxide at pH values from 1.0 to 10.1.
The EEMs of GO display a broad maximum at 470 nm excitation and 560 nm emission
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at any pH value. A small peak can be observered at 360 nm excitation and 580 nm
emission if the pH is lower than 4. The peak disappears at pH values above 4, and
another one arises at 360 nm excitation and 500 nm emission. The EEMs also contain
Raman bands shifted from the excitation wavelength by 3328 cm-1 and caused by
water.
6.3 Discussion
It is interesting to compare the fluorescence of GO with that of other carbon nanoma-
terials. Carbon nanotubes excited with red light (785 nm) emit in the near infrared
area [14], which was shown to enable glucose sensing [15]. Carbon nanoparticles also dis-
play strong fluorescence [3,16,17] and this may be used for purposes of bioimaging [18,19].
Fullerenes provide the best contrast to graphene oxide concerning the fluorescence. C70
fulleren displays a strong red emission when excited with blue light (470 nm) [20,21]. Its
fluorescence is extremely efficiently quenched by oxygen, thus enabling oxygen imaging
on the ppb level [21,22]. This is caused by the unusual property of thermally activated
delayed fluorescence [21], which is a function of temperature, obviously.
GO is a comparatively inhomogeneous material. A comparison of absorbance and exci-
tation spectra (see Figure 6.3) reveals that only a small fraction exhibits luminescence
while the major fraction does not. It is manifest to assume that the bulk material
actually suppresses this luminescence as quantum yields are quite low. Therefore, it
is reasonable why GO is rather used in quenching applications [23,24].
Figure 6.1 reveals that the pH dependent fluorescence of GO has two inflection points
which are assigned to the carboxy acid and the aromatic hydroxy groups. The mono-
protic equilibrium of GO suggested by Chen et al. [5] therefore has to be extended as
there are three rather than two main forms of GO at different pH values (see Fig-
ure 6.4A). GO is completely protonated at pH values < 3, and displays maximal
fluorescence. From pH 3 to 6 the carboxy acid group becomes deprotonated. The
fluorescence intensity decreases to 40% (at pH 6-7). At pH values > 7, the aromatic
hydroxy group becomes deprotonated which results in a drop of fluorescence intensity
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Figure 6.3. Comparison of the UV/Vis (a) and excitation spectrum (at 555 nm emission) (b) of graphene oxide
revealing that only a part of GO exhibits luminescence.
to 15%. One conclusion of this observation is that GO is negatively charged at pH val-
ues of greater than 4. This is supported by the fact that esterification of the carboxy
acid groups leads to only one inflection point (Figure 6.1B) and therefore to a mono-
protic equilibrium (Figure 6.4B). Compared to GO, there is no decrease in fluorescence
intensity of GOEE until pH 6-7 due to the missing carboxy acid functionality.
Figure 6.4. (A) Model showing the effect of the pH on the acid-base equilibria of GO. The symbols indicate the relative
fluorescence intensity of the corresponding species. (B) Equilibrium after conversion of the carboxy groups
into their ethyl esters.
In conclusion, it was demonstrated that the fluorescence properties of GO is highly
pH dependent. Fluorescence is strongest at 470 nm excitation and 555 nm emission.
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The fluorescence intensity is a function of pH but not of temperature and oxygen
concentration. Conceivably, GO may be used to sense pH values in cells and related
samples. The changes in fluorescence observed with changes in pH do not depend
on the excitation/emission wavelength. This makes it a probe that is compatible
with all (kinds of) light sources and filter combinations between 300 and 500 nm, e.g.
in imaging applications with microscopes. Interference with a second label (e.g. a
temperature probe) can be avoided by switching to a suitable wavelength.
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7 Synthesis mechanisms of (reduced)
graphene oxide
7.1 Overview
Graphite is an abundant and widely available mineral [1]. Due to this, top-down syn-
thesis routes starting from graphite promise easy and scalable access to graphene ma-
terials. Graphite consists of many graphene layers held together by weak interplanar
forces [2]. One must disturb and break these attractive forces to separate the material
and release the individual layers. There are several mechanical and chemical methods
to achieve this goal.
Mechanical exfoliation (so-called Scotch tape method) removes layers by repeated peel-
ing of highly oriented pyrolytic graphite [3]. It produces the highest quality samples,
but is neither a high throughput nor high-yield method [4]. Combined with the fact
that the chemical modification of these samples is rather difficult and the reactivity is
not well understood [5], this excludes the use of it as basis for sensor materials.
Chemical methods provide an attractive alternative. The general idea is to insert ele-
ments or molecules between the layers of graphite to simply push them apart from each
other. Viculis et al. developed such a method using potassium and ethanol [6,7]. Potas-
sium positions itself between the layers forming a gold-colored potassium-graphite com-
pound KC8. This compound reacts vigorously with water or alcohols. After adding
ethanol as an exfoliating agent, it reacts with the intercalated potassium forming an
alcoholate, which pushes the layers apart. The color turns from gold to black as the
reaction proceeds. Figure 7.1 shows a scheme of the concept of this method. Viculis
et al. were able to prepare platelets of 10 nm thickness (∼30 layers) and scale their
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batches up to 70 g quantities of KC8. After high-energy sonification the platelets form
scrolls [7]. Unfortunately, the same disadvantage in terms of chemical modification
applies to this method.
Figure 7.1. Scheme of the potassium intercalation method developed by Viculis et al.. Adapted from ref. 6.
Alternative methods use oxygen for the intercalation process [8–11]. Here, the surface
of the graphite layers are oxidized by strong agents such as clorate [8,9] or perman-
ganate [10,11]. The resulting product, graphite oxide, is very hydrophilic which allows
the preparation of stable solutions in water. By repetive dilution, they can be ex-
foliated to eventually achieve solutions of graphene oxide [12]. Subsequent reduction
with hydrazine or other agents/methods restores parts of the pi-system and leads to
reduced graphene oxide [12–16]. See Figure 7.2 for an overview. Unfortunately, none of
the chemical methods can be termed “green”.
As stated previously, this final material resembles pristine graphene in many ways [17].
Additionally, one achieves solubility and linker groups which enables a broad range of
wet chemical methods [5]. For these reasons, many researchers (see Chapter 2) decided
to use (reduced) graphene oxide as basis for sensor applications.
The synthesis of (reduced) graphene oxide is actually simple (see Chapter 3) as long
as some common traps are avoided. In contrast, the mechanism behind is not simple
and not well understood so far. Thus, in addition to the summarized version given
before, a very detailed description of the synthesis and its mechanism is provided in the
following sections. Last, different conditioning methods for the materials are presented
and examined.
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Figure 7.2. Overview of the different stages on the route to reduced graphene oxide. The detailed procedure and
mechanism are explained in the following sections.
7.2 Graphene oxide
7.2.1 Detailed synthesis
In the following, high concentrated acids (corrosive) and oxidation agents are used
which require careful handling and appropriate protective equipment (safety goggles,
coat, gloves). All solids, especially potassium permangate, have to be added to the
liquid sulfuric acid instead of the reverse. Also the mixture will get very hot due to
the oxidation process. Contingently, it is very viscous after some hours or days. Only
fuming sulfuric acid should be added to dilute the mixture if needed, never water. The
latter one will stop the reaction immediately. Ultrapure water was used for synthesis
and solutions, throughout. All reaction solutions and/or work-up solutions have to be
disposed of according to (local) regulations!
A typical procedure is starting with 100 mg of graphite. For larger batches the other
chemicals but sulfuric acid have only to be multiplied by the corresponding factor.
Since sulfuric acid acts also as pseudo-solvent in the beginning it has to be used as
much as needed so that the mixture does not become too viscous (additional factor
of 2-4). In the course of this thesis, batches of up to 3 g of graphite were successfully
prepared.
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First, 100 mg of graphite and 100 mg sodium nitrate were added into 5 mL of fuming
sulfuric acid (97-98%). 1 g of solid potassium permanganate was slowly added. The
color of the mixture itself will stay dark because of the graphite but at the liquid border
the formation of the green manganate dimer Mn2O7 can be observed (see Figure 7.3).
The whole mixture was stirred for 3 days.
The initially dark-green mixture became much more viscous after 3 days of stirring.
It was then slowly diluted with 5 mL of sulfuric acid (5%, i.e. 95% water) to stop the
reaction. This step has to be done with extreme caution since the reaction of water
with concentrated acid is highly exothermic (”Water in acid should never be done;
Acid in water rarely goes wrong.”)! The mixture itself turns reddish brown.
It was heated for 3 h to 100-120 ◦C. In this process the batch turned from a viscous
mixture to a more fluid solution (brownish yellow/orange). The point of change was
at about 1.5 h. Depending on the amount of substance in the batch the actual color
can only be seen by diluting it with water (see Figure 7.3). After cooling, 1 mL of
hydrogen peroxide (30%) were slowly added to remove remaining manganese oxides.
As a result, the solution became more clear.
Figure 7.3. Different stages of the synthesis of graphene oxide. (A) Graphite and sodium nitrate in sulfuric acid.
(B) After addition of potassium permanganate to A. The formation of the green manganate dimer is
clearly visible at the liquid border. (C) After 3 days of stirring the dark-green mixture became much
more viscous. (D) After careful addition of H2SO4 (5%) to C the mixture becomes dark brown. (E)
After heating D for 3h the mixture gets fluent again. The vial shows the actual color of the mixture by
diluting it with water (1:1). It is still a little turbid. (F) After the addition of H2O2 to F small bubbles
raise. The color (after 1:1 dilution with water) gets more clear.
Finally, the product had to be worked up. Some procedures use filtering and washing
of the precipated solid [18]. It should be noted that the sulfuric acid will attack and
destroy cellulose (paper filters) and other materials. Another issue is the binding of
graphene oxide to metal ions [19,20]. Here, manganese ions are bound which have to
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be washed out. For this, large quantities of water are needed in which graphite oxide
eventually also dissolve.
Hence, a two-step cleaning process is needed. First the sulfuric acid was slowly washed
out by centrifugation. The resulting solid from the previous step was collected by
centrifugation and washed five times with a solution of sulfuric acid (3%) and hydrogen
peroxide (3%), two times with hydrochloric acid (3.7%) and two times with water. In
the last step the supernatant already had a yellow color. This indicates a much higher
pH level, since graphene oxide dissolves in slightly acidic, neutral as well as alkaline
but not in strongly acidic solutions.
Subsequently, ions remaining in the solution were removed by dialysis against ultrapure
water over 3 days. The dialysis water was changed every day. The water of the solution
was then removed by lyophilization to yield ∼50 mg of graphite oxide in the form of
a brown solid. The purity was checked by elementary analysis. The fraction of sulfur,
nitrogen and chloride was under wt 0.1% each. Solutions of exfoliated graphene oxide
are obtained by dissolving small amounts of graphite oxide in water (e.g. 0.5 mg mL-1).
7.2.2 Mechanism
Since graphite is the source material, we first focus on its reactivity and chemistry. It is
known that graphite does not directly react with most reagents but forms intercalation
compounds [2]. However, it can be oxidized in whole or in part. The oxygen chemistry
of graphite was intensively examined because of its industrial significance, because it
is used in many high temperature applications and in nuclear reactors [21–24].
A common misconception is the nature of graphite and its graphene layer structure.
The hybridization of carbon, viz. sp2, suggests a superaromatic molecule. This is
amplified by common Lewis formulas for reduced graphene oxide (e.g. the work of
Jahan et al. [25]). Indeed, graphite and graphene possess a bonding system with a
high metallic character [26–29]. Otherwise, both sulfonation and nitration would occur
(see Figure 7.4). The non-aromatic behavior of graphite is confirmed by the absence
of any nitrogen and sulfur atom in the product (see Chapter 4). Also, none of the
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intermediate materials in the synthesis show explosive behavior as may be the case in
the presence of many nitrogen groups.
Figure 7.4. Aromatic nitration (I) and sulfonation (II). Side reactions such as ipso-substitution are not shown. Both
reactions do not work on the metallic-like bonding system of graphite/graphene.
Next, the reaction can be divided into two main pathways. The first pathway is
responsible for generating (intermediate) oxygen species which are consumed in the
second pathway during the oxidation process. Altogether, there are three oxidation
agents involved, namely KMnO4, NaNO3 and H2SO4. All of these are intercalated
between the graphite layers [2], which promotes the oxidation effect.
Adding permanganate to fuming sulfuric acid leads to in situ generation of Mn2O7,
a manganate dimer with a characteristic green color [30,31]. It can be observed shortly
after the addition of KMnO4 along the inside of the glas vial where the mixture touches
the glass. Equation 7.1 explains the instability of the dimer in water. If enough water
is present in the reaction the formation is reverted. The small quantity of water
which is formally created in this reaction is absorbed by sulfuric acid (indicated by
the “precipation”-arrow).
2 KMnO4 + H2SO4 ↽−−⇀ Mn2O7 + K2SO4 + H2O ↓ (7.1)
Mn2O7 generates a large oxidative potential when reduced to a mixed oxide with
Mn(II) and Mn(III) cations. Due to the anhydrous environment of the reaction, the
Equation 7.2 does not involve any protons nor water. Instead, a process similar to
oxidation melting is assumed to occur.
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3 Mn2O7 + 26 e− → 2 Mn3O4 + 13 O2−=̂ 13 <O> (7.2)
After three days of stirring, diluted sulfuric acid (5%, i.e. 95% water) is added to the
reaction mixture. In the aqueous environment, the mixed manganese oxide sponta-
neously precipates as reddish brown solid. It is resolved again either by stirring for a
while or by heating the mixture like it is done in the procedure described before. The
last process will further reduce the mixed manganese oxide to the Mn(II)-ion species.
Mn3O4 + 2 e−+ 8 H+ → 3 Mn2+ + 4 H2O =̂ 1 <O> (7.3)
This is a rather mild reduction and because of the amount of added permanganate
in the beginning it is possible that not all oxides will become reduced at this point.
Hydrogen peroxide is added as final step to overcome this issue. After addition, small
bubbles will raise and the color of the solution gets more clear compared to the one
before. It reduces the remaining manganese oxides and thus produces elementary
(gaseous) oxygen as described by Equation 7.4.
Mn3O4 + H2O2 + 6 H+ → 3 Mn2+ + O2 ↑ + 4 H2O (7.4)
The generated oxygen gas of the last step leaves the reaction immediately and so it is
not taken into account for the total oxygen balance. From the Equations 7.2 and 7.3
it is obvious that three Mn2O7 generate 15 (13 + 2 · 1) intermediate oxygen entities
(<O>= 2 e–). For this six KMnO4 units are needed, i.e. 2.5 (15 O per 6 KMnO4)
oxygen entities are generated per unit. So, theoretically, 62.5% of the available oxygen
could be used for the oxidation of graphite. However, some of the oxygen is involed in
creating nitrogen oxide species (see next paragraphs).
NaNO3 in fuming sulfuric acid is converted into HNO3 [32]. Sulfuric acid is very hy-
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groscopic and dehydrates nitric acid to form the anhydride N2O5 [33]. Eventually, the
anhydride decomposes into NO2 and oxygen gas. NO2 and its dimer form, N2O4,
oxidize graphite. The following equations sum up this process. For clarification, the
dimer forms of the nitrogen oxide species (N2O4, N2O2) are omitted.
NaNO3+ H2SO4 −→ NaHSO4+ HNO3 (7.5)
2 HNO3 −→ N2O5 + H2O ↓ (7.6)
2 N2O5 −→ 4 NO2 + O2 (7.7)
NO2+ 2 e− −→ NO + O2− =̂ 1 <O> (7.8)
The resulting nitrogen monoxide is oxidized again to form nitrogen dioxide which closes
the loop. It is also common to use sodium nitrite instead of sodium nitrate [34]. In this
case, HNO2 is first formed which disproportionates to HNO3 and NO [33]. From this
perspective, adding NaNO2 instead of the nitrate does not make any difference.
3 HNO2 −−⇀↽− HNO3 + 2 NO + H2O ↓ (7.9)
The chemistry of nitrogen oxide is complex [33] and due to the oxidation potential in
the present reaction all possible nitrogen oxide species (NxOy) are created. Their well-
known toxicitiy [33] has been subject to substantial research [35]. Hence, some completely
omit using any nitrate or nitrite in their synthesis [35,36].
At this point, the question arises why to use nitrate or nitrite since their oxygen out-
put is quite low and their products are toxic. However, Kovtyukhova et al. mention
incomplete graphite oxidization in their work which they compensate for by introduc-
ing a preoxidation step [36]. It is clear by looking in detail at their procedure that they
did not use any sodium nitrate nor nitrite. The preoxidation was done with P2O5 in
sulfuric acid [36]. Similar to this, Marcano et al. abandon nitrate and used H3PO4 in
their synthesis of graphene oxide [35].
This observation leads to the following mechanistic conclusion. It indicates that the
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oxidation by the nitrogen species and their heavier homologes is an important step
that probably takes place before the main oxidation by potassium permanganate.
Graphite is a closed material, i.e. the only active sites open for oxidation are the outer
ones of the bulk solid. However, the gaseous state of the nitrogen oxide species (e.g.
NO2) and their analogous acids (e.g. HNO3) allows graphite to intercalate them faster
compared to liquid (and highly viscous) sulfuric acid or solid manganese oxide(s). The
intercalated nitrogen oxides start to oxidize the graphite layers slightly. This process
increases the distance between the layers so that the manganese oxides will gain better
access to the inner sites (“plier effect”, see Figure 7.5A). In absence of any nitrogen (or
phosphorous) oxide species this process is much more slower resulting in incomplete
graphite oxidization.
Figure 7.5. Sketches of the effects of nitrogen oxide (A) and manganese oxide (B) in the synthesis of graphite oxide.
A) Nitrogen oxide opens the layers of graphite for the main oxidation (“plier effect”). B) Manganese
oxide cuts through the lattice of the graphene layers (“scissor effect”).
Sulfuric acid is not only a dehydration agent but also an oxidation agent. In this
process, it is reduced to SO2. The latter one is then reoxidized to SO3 by the various
manganese oxides in the mixture. Non reacted sulfur dioxide is consumed by the
H2O2 added in the end of the whole procedure. However, in the present reaction this
behavior plays only a minor role. The main task of sulfuric acid is to provide an
anhydrous environment.
H2SO4 + 2 e− −→ SO2 + H2O ↓ + O2− =̂ 1 <O> (7.10)
In conclusion and for convenience, the net-oxygen generated in “pathway I” can be
assumed to originate only from the potassium permanganate deployed in the begin-
128 Chapter 7. Synthesis mechanisms of (reduced) graphene oxide
ning. Nonetheless, both sulfuric acid and sodium nitrate play an important role in the
preparation of graphene oxide. The whole pathway I is compiled in Figure 7.6.
Figure 7.6. Pathway I: Intermediate oxygen species (<O>) for oxidation are generated mainly by the manganese oxide
species (top). However, the nitrogen oxide circle (left) is responsible for the preoxidation step. During
the reaction process the relevance of this circle decreases. The circle for sulfuric acid and sulfur oxide
compounds is shown for completeness, but it is immaterial in the proposed mechanism.
In the second pathway, oxygen is consumed when creating new oxygen functions at
the surface of each graphene layer. This process finalizes the breaking of the layer
structure of graphite and during the reaction the metallic bulk material is stepwise
transformed to an organic-like superstructure.
Breaking the bonds of graphite requires a lot of energy. Hence, high temperatures
(1000-2500 ◦C) are needed for the full oxidation (combustion) [21]. The present re-
action operates only at both room temperature (3 days) and at 120 ◦C (3 hours;
see procedure). Obviously, here the reaction is thermodynamically controlled. All
involved components are allowed to form equilibriums which favor the most stable
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intermediates and products. In contrast the combustion is fast and irreversible, i.e.
kinetic controlled.
Figure 7.7. Preoxidation of graphite results in the formation of epoxides, alcoholes and ethers. The dashed lines
symbolize the metallic system which is disturbed by the local oxidation (red lines). The arrows point to
the new local defect sites on which (apart from the present oxide groups) further oxidation steps can take
place.
A thermodynamically controlled reaction leads to the question how and where the
oxidation starts. Instead of attacking directly the carbon atoms which are involved in
the metal bonding system, it is more likely that oxidation starts at reactive edge and
defect sites. There are many different types of defects which can occur [37,38]. Every
type (e.g. vacancy and topological defects) disturbs the electronic system of the lattice
(i.e. disorder) providing local targets for the oxidation agents. The ratio of disorder
is determinable by Raman spectroscopy [39].
The preoxidation step performed by the nitrogen oxide species resultes only in low
oxidized groups, i.e. epoxides, ethers and alcoholes. The creation of these groups
result in two effects which facilitate the main oxidation afterwards. First, the opening
of the layer structure (already mentioned in the description of pathway I) allows the
main oxidation agents easier access to the basal plane. Second, changing the bonding
order or oxidation state of a carbon atom further disturbs the electronic system (i.e.
metal bonding) resulting in new local defects. Consecutively, these defect act as new
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attacking sites later. The preoxidation is sketched in Figure 7.7.
Figure 7.8. An examplary pathway for the main oxidation displaying the consumption of C atoms, the cutting into
the lattice and the dehydration of carboxy acids to form anhydrides. For clarification, only a limit number
of oxidation is shown here. For instance, in the very first step also the two side-positions (indicated by
the blue arrows) can be oxidized. The dashed lines symbolize the metallic system which is disturbed by
the local oxidation (red lines).
After preoxidation, the main oxidation is straight forward. On the one hand, man-
ganese oxides attack the defect sites created before. There, new oxide groups and
more defects are introduced. On the other hand, present oxide groups are further
oxidized to their maximum state, normally carbonyl or carboxy function. Two other
possible products are CO and CO2 which leave the reaction immediately. These gases
are responsible for the consumption of the carbon lattice which in turn gives (reduced)
graphene oxide its inconsistent shape and size (see Section 4.3.5).
Observation of the catalytic oxidation of graphite revealed that collodial metal particles
eat pathes into the graphite lattice [22]. Similarly, manganese oxides cut the layers by
oxidation carbon atoms to their maximum state (+III, i.e. carboxy groups) which
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eliminates bonds to other C atoms. The whole process of consuming carbon atoms
at the border of and in the lattice resembles a piece of paper which is randomly cut
(“scissor effect”, see Figure 7.5B).
Figure 7.9. Pathway II: Possible oxide groups that occur during the synthesis of graphene oxide. From left to
right, only the oxide groups are listed which supervene to the ones before, i.e. the final product also
contains epoxide groups although at a low ratio. The Roman numerals depict the oxidation state of the
corresponding C atoms.
The main oxidation takes place in concentrated sulfuric acid when hydrolysis is min-
imal. On the contrary, sulfuric acid absorbs and withdraws water resulting in dehy-
dration of several oxide groups. For instance, anhydrides and esters are easily formed.
These and other groups decompose again in the aqueous environment of the last part of
the procedure. This assumption is supported by the observation of the product color.
During the pre- and main-oxidation, the color of the product stays black which sug-
gests large flake clusters (linked together by anhydrides and esters). It is not until after
1.5 hours of heating in aqueous solution that the color suddenly changes to brownish
yellow/orange. This point of change indicates the breaking of the linker groups by
hydrolysis. Figure 7.8 sketches an examplary pathway of the main oxidation involving
the consumption, cutting and dehydration processes.
132 Chapter 7. Synthesis mechanisms of (reduced) graphene oxide
In conclusion, the mechanism of the second pathway presented here is very complex.
Therefore, it is not possible to compile every detail in a single figure similar to the first
one. Thus, Figure 7.9 displays only the possible oxide groups which probably occur
at the different steps in the synthesis.
7.3 Reduced graphene oxide
7.3.1 Detailed synthesis
In contrast to graphene oxide, the procedure for the reduction is rather short and
simple. First, a clear solution of graphene oxide was prepared by sonification of 25 mg
of graphite oxide in 25 mL water. After the addition of 25 µL of 98% hydrazine
solution and 50 µL of ammonia (32%), the mixture was stirred for 15 minutes and
subsequently heated for 2 h to about 100-120 ◦C. During the heating, the solution
turned from brown/orange to black (see Figure 7.10).
Figure 7.10. Colors before and after the reduction of graphene oxide. (A) A clear graphene oxide solution (1 mg mL-1)
is the starting point for the reduction. (B) After the addition of hydrazin (98%) and ammonia (32%),
and subseqent heating the solution turns black.
Analogously to graphite oxide, ions and reagents remaining in the solution were re-
moved by dialysis against ultrapure water over 3 days. The dialysis water was changed
every day. The water of the solution was then removed by lyophilization to yield
∼12 mg of reduced graphite oxide in the form of a black solid. The purity was
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checked by elementary analysis. The fraction of nitrogen usually is below wt 3.0% (see
Section 4.4.2 for an explanation of this impurities). Solutions of exfoliated reduced
graphene oxide are obtained by solving small amounts of reduced graphite oxide in
water (e.g. 0.1 mg mL-1).
7.3.2 Mechanism
The above procedure is short and simple. However the mechanism is not entirely
clear [17]. Apart from graphene oxide, there are only two other components involved,
viz. ammonia and hydrazine.
Both, hydrazine and a base first suggest a typical Wolff-Kishner reduction that converts
aldehydes and ketones to alkanes [40–42]. This reaction would further increase defect
concentrations. However, the recovery of large parts of the aromatic system can be
deduced from the data of the characterization (see Chapter 4).
Hydrazine is a mild reducing agent and known not to interact with all oxygen groups.
A mechanism for the elimination of epoxy groups is proposed [11]. First, a substitution
reaction with hydrazine opens the ring. The hydroxy and the hydrazine groups thus
formed are eliminated, next. There are also other versions with slightly different
mechanisms published [43]. Probably, carboxy groups are mostly removed by thermal
elimination (see Figure 7.11).
By looking at the product, it is clear that some of hydroxy groups are reduced, too.
This does not happen in absence of hydrazine or other reducing agents. However, the
detailed mechanisms are unclear up to now.
Aromatic hydroxy groups may exhibit some kind of local electron shortage due to
the large conjugated systems. The ends of these conjugated systems carry electron-
withdrawing groups, which promote the electron shortage. This could allow nucle-
ophilic aromatic substitution by hydrazine similar to halide anions [44]. Subsequently,
the attached hydrazine groups decompose by deprotonation and heating to nitrogen
and water. The aromatic system at this position is recovered (see Figure 7.11). Obvi-
ously, due to thermal elimination, the promotors (carboxy groups) are consumed and
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Figure 7.11. The reduction and elimination of various oxide groups by hydrazine and heat.
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the reaction eventually stops. This is in conformity with the observation of “incom-
plete” reduction even if graphene oxide is exposed to hydrazine for up to 24 h [11].
Two vicinal, aliphatic hydroxy groups may undergo a reaction similar to the elimina-
tion of the epoxy groups. One of the hydroxy groups is deprotonated and the oxygen
substitutes the other hydroxy group, forming an epoxide. From then, the path is
the same as described above (see Figure 7.11). Indeed, the forming of a epoxide is
reversible and the equilibrium is on the side of the two hydroxy groups. But, the elim-
ination process is not reversible and, due to this, consumes the epoxides when formed.
By contrast, one solitary, aliphatic hydroxy group is likely not removed by hydrazine,
because there is no effect, which promotes the substitution reaction.
Other reduction agents such as NaBH4 [45], ascorbic acid [46], aluminium powder [47] or
hydrohalic acids [44] have been reported. These lead to more or less reduced versions
of rGO. With these, the oxidation level of the product can be directly controlled. It
should be noted, though, that removing of too many of the oxygen groups by harsh
reduction eliminates some beneficial properties such as solubility. These features have
then to be introduced again by introducing other agents (e.g. sulfonation by sulfanilic
acid) [45].
Also, not all damage done to the graphite lattice during the oxidation process can
be healed by simple reduction (see Section 5.4). There are attempts to fill in the
missing carbon atoms by CVD [48]. However, its extreme conditions (800 ◦C) render
this method useless since modifications and oxygen groups are destroyed during the
process.
The second component in the reaction is the base. Basic conditions are needed for two
reasons. First, hydrazine must be fully depronated in order to perform any kind of
reaction. Otherwise the free electron pair on each nitrogen is bonded and, therefore,
cannot be donated (= reduction). Second, reduced graphene oxide seems to agglom-
erate during the reduction process if the pH is to low [49]. Apart from ammonia, the
reduction works also with carbonates or hydroxides.
136 Chapter 7. Synthesis mechanisms of (reduced) graphene oxide
7.4 Conditioning methods
Attributable to the non-selective and harsh synthesis conditions, especially for the
oxidation of graphite, both graphene oxide and its reduced form are a very “chaotic”
product. First, the shape and size of the individual flakes are inconsistent (see Sec-
tion 4.3.5). Some properties such as conductivity rely on a large, non-disturbed pi-
system which in turn is dependent on the size of a flake. Other properties such as
luminescence require more disturbed systems, i.e. smaller flakes, because of the higher
band gap. Therefore, it may be reasonable to separate different flake sizes if the
application calls for it.
Second, it is not trivial to separate products from educts. Modifications made to
(reduced) graphene oxide only slightly change flake size, form and mass, which are
suitable properties for separation. Commonly used methods such as dialysis can only
separate small molecules (e.g. coupling reagents) from much larger materials but fails
at separating unreacted material (e.g. GO) from reacted material (e.g. GO with
coupled dye) due to similar sizes.
Common techniques are presented and discussed in this section. These potentially lead
to more consistent products and enable the separation of educt and product. Dialysis,
chromatography, fractional centrifugation and capillar electrophoresis are examined in
particular.
7.4.1 Dialysis
Dialysis is a technique which allows the separation of small molecules from larger ones
by diffusion and filtration. An aqueous solution of the material to be purified is insert
into a dialysis hose. The hose is put into another large volume of water (usually
100-150 times of the inner volume).
The dialysis hose has small pores which prevent molecules over a certain size to pass.
Large molecules or flakes such as from (reduced) graphene oxide remain inside the
hose while small reagents (H2SO4, NH3, ...) can leave (= filtration effect). For the
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smaller molecules the inner and outer environment is one big solution and, therefore,
an equilibrium is established with a constant concentration over the whole volume.
Hence, the concentration in the hose starts to decrease. By exchanging the water,
this process is repeated several times until the concentration is negligibly small (=
diffusion effect).
Figure 7.12. Scheme of dialysis. (A) In contrast to (reduced) graphene oxide, small molecules diffuse through the
membran of the dialysis hose to the outer solution. (B) An equilibrium between the molecules inside
and outside of the hose is emerged. (C) After the changing of the outer water the process starts again.
The concentration of small molecules is much lower now compared to the beginning (A).
There are three important parameter which control the success of this method, namely
the molecular weight cut-off, the diameter of the hose and the time of changing the
water. If the water is changed to early, the equilibrium is not fully emerged which
results in incomplete purification. Longer times will unnecessarly lengthen the process.
The molecular weight cut-off must be large enough to allow all small, unwanted
reagents to leave the hose. At the same time, it must be small enough to keep even
the smallest (r)GO-flakes inside. The diameter is responsible for the diffusion process.
The molecules not only need to diffuse through the water but also through the (re-
duced) graphene oxide. Obviously, the diffusion in (r)GO is much lower than in water.
A large diameter allows only few, slow diffusion processes. By choosing a smaller di-
ameter, more parallel diffusion processes occur, which, collectively, lead to an overall
faster diffusion.
Hoses with a diameter of 6.3 mm and a molecular weight cut-off of 14 000 Da were
chosen. The water was changed every day and the whole process lasted for 3 days. The
success of this method was checked by elementary analysis. For instance, graphene
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oxide contains wt 20% of sulfur prior to purification which are reduced by dialysis to
under 0.1%. This makes dialysis a valuable and mandatory tool in the cleaning process
of (reduced) graphene oxide. The principle of dialysis are sketched in Figure 7.12.
7.4.2 Size-exclusion chromatography
Chromatography is a common technique for separation and purification in organic
chemistry. A mixture of molecules in solution (mobile phase) is allowed to move
through an solid phase. If the diffusion of the components in the mobile phase is
different enough they get separated.
Figure 7.13. Scheme of size exclusion chromatography. Small particles or molecules (blue circle) move slowly
through the porous column material because of the many pockets they can diffuse into. In contrast,
larger particles or molecules (orange square) simply pass by. Clearly, the way of the orange particle is
shorter and, therefore, the particles is faster passing the whole column than the small one (blue way).
Size-exclusion chromatography is a special type. The principle of this method is to
separate different particles or molecules by size. They have to move through a very
porous material with many small pockets. Small particles or molecules easily diffuse
into this pockets and, therefore, need a longer time for passing the column than larger
ones (see Figure 7.13). This technique is used for other nano- and biomaterials [50–52].
Very recently, a procedure for onsurfactant-stabilised graphene was published [53]. So,
it seems natural to use it for (reduced) graphene oxide.
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Unfortunately, a problem emerged during chromatographic experiments in that (re-
duced) graphene oxide spontanously precipated on the column. Different combina-
tions of column material (various cross-linked dextrans, silica gels and controlled pore
glasses) and solvents (water, acetonitrile, acetone) were tried, but led to the same
result. On the rare successful executions, the material was hardly separated. Both,
the unreliable precipitation and the partial separation have to be solved before size-
exclusion chromatography becomes a viable tool for purifying (reduced) graphene ox-
ide. At the moment, this technique clearly fails for this purpose.
7.4.3 Centrifugation
It is obvious that different flake sizes of (reduced) graphene oxide should have a dif-
ferent number of atoms and, therefore, different mass. This allows for separation by
fractional centrifugation. The bulk material was centrifuged at 500 rpm for 15 min-
utes. The supernatant is then transfered to another vial and centrifuged at 1000 rpm
for another 15 minutes while the residue is washed with water at 500 rpm in order to
remove possibly adsorbed smaller fractions. This procedure is repeated several times
up to 15,000 rpm. Every fraction has a narrow size distribution. A scheme of this
method and a TEM of one fraction is shown in Figure 7.14. The total size for all
fractions ranges from 2500 nm2 (above 15,000 rpm) up to 400 µm2 (below 500 rpm).
Figure 7.14. Scheme of fractional centrifugation. (A) The stepwise centrifugation of the bulk material achieves
fractions of decreasing mass and, therefore, flake size. (B) TEM of an examplary fraction (3500-
4000 rpm) revealing the narrow size distribution (here: 12 ±0.5 µm2) of the flakes.
It should be noted that the whole process consumes a lot of time (days), because
of the subsequent centrifugation and washing of each individual fraction. Also, the
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volume rapidly increases with increasing fraction number. A method to overcome
these issues is density gradient ultracentrifugal rate separation, which takes advantage
of the differences in sedimentation rate between various sized flakes [54].
In this case a density gradient (sucrose solutions of wt 20-60%) is prepared and filled
into the tubes, before a sample of the bulk material is placed on top. During cen-
trifugation the bulk material gets driven through the liquid density gradient. Thus,
the individual flakes are separated by sedimentation rates. Larger flakes move to the
high density areas at the bottom of the tube whereas smaller flakes stay in low density
areas at the top [54]. The sucrose is then removed by dialysis or centrifugation. The
results resemble the standard fractional centrifugation.
In conclusion, fractional centrifugation is a valuable tool for the preparation of mono-
disperse (reduced) graphene oxide fractions.
7.4.4 Capillary electropheresis
In this technique, molecules are separated by their electrophoretic mobility (charge
and mass). Capillary electrophoresis also enables separation of the materials by layer
and by size [55].
The substitution of epoxy groups with an azido (−N3) group (see Section 3.1.4) is a
simple modification of graphene oxide. For this, solid sodium azide is added to an aque-
ous solution of graphene oxide and stirred for several days (with subsequent heating).
The product is purified by dialysis and the introduction of the azido group is con-
firmed by infrared spectroscopy which shows the azide-specific vibration at 2126 cm-1
(see Figure 7.15B).
The reaction can be performed at room temperature on air. There is another (more
complex) procedure published [56]. No additional reagents are used. These reaction
conditions promote a quasi-byproduct-free product. From experience, however, it is
known that hardly any reaction proceeds completely. Therefore, this simple modifica-
tion is a good candidate for testing CE to separate educt (unreacted GO) and product
(N3−GO).
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Solutions of GO and of N3-GO (purified by dialysis) were examined by CE. The result-
ing electropherograms are plotted in Figure 7.15C. The major fraction of GO elutes
at 2.8 min followed by a long tailing section. The corresponding UV/Vis-spectrum at
this peak is similar to the one of a “free” solution (see Figure 7.15A). The electrophero-
gram for the N3-GO solution also includes this major peak at the same elution time.
Another peak appears at 11.5 min. Here, the corresponding UV/Vis-spectra is more
similar to the N3-GO-solution than to GO. The differences at the lower UV-region
(200-250 nm) are attributed to the different detector systems used.
Solutions not only can be analysed this way by CE, but also fractions of defined time
periods can be collected. Thus, CE is able to separate product from educt. However,
since the typically used volumines for CE are small (∼200 µL), this technique has only
limited value at the moment for large scale applications.
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Figure 7.15. Results of capillary electrophoresis. (A) UV/Vis spectra of GO and N3-GO. (B) IR-spectra of GO
and N3-GO. The specific N3-stretch-vibration is clearly visible at 2126 cm-1. (C) Electropherogramms
(left) of a GO and N3-GO solution and the UV/VIS spectras (right) of the peaks at 2.8 min and 11.5 min
which correspond to GO and N3-GO, respectively.
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8 Sensor applications
8.1 Overview
Reduced graphene oxide and graphene oxide have many attractive features such as
solution processing, higher sensitivies for particular analytes, and attraction and dis-
crimination effects (see Section 2.4). After a detailed discussion of synthesis and
characterization, the next logical step is to utilize these beneficial features for sensor
applications.
Table 8.1 lists the sensor concepts developed during this work. These concepts range
from very simple methods (resistance measurements), to techniques rarely used in
graphene research (surface plasmon resonance), to more complex variants (N3−GO
modification with coupled alkyne-modified glucose oxidase).
Table 8.1. Overview of the sensor concepts started within the scope of this work.
Material(s) Method Goal, analytes
rGO Resistance measurement Gas sensors for NO2, CO2,
H2, and alkanes
(r)GO Surface plasmon resonance DNA sensor;
sensor for ammonia and amines
N3−GO, (alkyne-)GOx Cyclic voltammetry; amperometry Glucose biosensor
This section presents the basic principles behind two of them, namely, a gas sensor for
NO2 and an affinity sensor based on surface plasmon resonance for amines. Further
improvements, solving various experimental issues, and completion of the sensor will
be a task for future work.
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8.2 Gas sensor for NO2
Reduced graphene oxide is known for its high affinity to gases and vapors [1]. These
adsorbed molecules influence the (electronic) properties by interacting with the surface.
A electron-donating gas, e.g. NH3, reduces the number of charge carriers and in turn
decreases conductivity. In contrast, an electron-acceptor gas, such as NO2, greatly
reduces the bulk resistivity of rGO [1]. This effect depends on the concentration of the
gas and can be utilized to sense these gases. It should be noted that this behavior
in general is not selective [1] and rGO can only distinguish between electron-accepting
and electron-donating molecules [2].
However, sensing of NO2 is a good starting point for developing a gas sensor based
on rGO, given its simple preparation. After drop casting of rGO on an electrode and
subsequent heating of the modified electrode, it is ready to use for gas sensing. An
exemplary measurement is shown in Figure 8.1. The electron-accepting effect of NO2
results in an increase in the conductivity, which is consistent with an increase in the
number of charge carriers.
Figure 8.1. (A) Example of a resistance measurement showing the response of rGO to NO2 (black) and CO2 (red),
both in synthetic air at various concentrations. The dashed lines indicate the different kinetics. The
measurements were done at 85 ◦C to avoid effects caused by humidity and to allow fast regeneration of
the signal after switching from test gas to synthetic air. (B) The change of the resistance varies linearly
with the fraction of NO2 in synthetic air.
These electrodes do not respond to treatment with either 0.5% H2 or short alkanes in
the ppmv range, but do respond to CO2. The latter increases the conductivity similar
to NO2, but the change is 5 times lower. Furthermore, the plot in Figure 8.1A reveals
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that the response to both NO2 and CO2 have different kinetics. These kinetics may be
used to distinguish between the gases. In general, there are two possible measurement
protocols to achieve this. First, the exposure time of the test gas can be halved. This
will reduce the sensitivity for both gases, but with a much greater impact on the
sensitivity of CO2. In this case, the response to CO2 will be negligible, whereas the
response to NO2 is still detectable in the low ppmv range. Another method would
use the drastically different slopes to determine which gas is measured. However, in a
mixture only NO2 will be recognized since the sensitivity for it is much higher.
Obviously, for continuous gas measurements the test gas (or real sample) should be
periodically swapped with a “recovery gas” (here: synthetic air) in both protocols.
Unfortunately, this increases the complexity (and cost) of such a method. Hence,
selectivity for individual (or a group of) gases must be introduced by the modification
of rGO or by rGO-nanocomposites with the desired features. Sensitivity may be
improved by preparing single- or few-layer rGO, since the sensitivity also depends on
the number of accessible binding sites on the surface.
8.3 Surface plasmon resonance affinity sensor for
amines
Surface plasmon resonance (SPR) is an optical phenomenon which can be used to
measure the refractive index of a thin layer adsorbate on a metal surface [3]. The
refractive index will change in response to treatment of the adsorbate (=transducer)
with analytes. Selectivity, sensitivity, stability, and response time are controlled by
choosing a convenient adsorbate.
Little has been reported on the use of graphene materials in combination with this
technique [4–7]. Changes in the SPR signal become more sensitive the closer the ab-
sorbate is to the gold surface [3]. Therefore, a thin and homogeneous layer of (reduced)
graphene oxide deposited on a metal surface for sensor applications should not reduce
the SPR signal significantly. Furthermore, (reduced) graphene oxide itself can act as
a receptor due to its ability to interact with aromatic systems via pi-stacking.
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This well known interaction was examined in initial experiments with rGO (on gold
substrates). First, a thin, homogeneous, and reproducible layer of (reduced) graphene
oxide on gold was required. “Physical” techniques such as spin coating and drop casting
provided a fast way to prepare sensor chips with thin layers of (reduced) graphene
oxide. An exemplary measurement of an artificial nucleoside is given in Figure 8.2A.
The substrate used was prepared by spin coating of a solution of reduced graphene
oxide on gold. Although the plot indicates binding of a small amount of nucleoside
to rGO (indicated by the base line shift), the prepared layer was inhomogeneous, and
the results were not reproducible.
Figure 8.2. (A) Example of a SPR measurement showing the response of spin coated rGO to an artificial nucleoside
(3-perylenyl-desoxyuridine) with a large pi-system. The shift of the base line indicates binding of small
amount of the nucleoside. (B) Example Raman spectrum of an gold chip with immobilized graphene
oxide on it. The spectrum was taken at the shown position of the microscopic picture (red cross in the
middle). The layer of graphene oxide cannot be seen with the naked-eye but is present all over the chip.
(Reduced) graphene oxide was chemically immobilized on gold to achieve a much
more homogenous and reproducible layer. The gold substrates were coated with a
monolayer of 4-aminothiol, which both binds to the gold (strong Au-S bond) and
provides an amino group for amide coupling with (reduced) graphene oxide. Forma-
tion of the amide bond was achieved by soaking the coated gold substrate in a so-
lution of graphene oxide, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). The successful coupling was confirmed by microscopic
Raman studies (see Figure 8.2B). Reduced graphene oxide can be seen all over the
gold substrate and the layers were homogenous.
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The bound graphene oxide can be reduced by hydrazine. However, both GO and
rGO show a similar response to the nucleoside. The primary interaction between
(reduced) graphene oxide and the nucleoside is likely due to pi-stacking. Therefore,
it is reasonable that the responses are similar due to the similar size of a crystallite
of GO and rGO (see Section 5.4). Further measurements revealed that the coupling
agents (especially EDC) are adsorbed by (r)GO. The (strongly) adsorbed agents block
some of the binding sites and thus, less sites are available for analytes. In future
developments, this could be overcome with other coupling techniques. For instance,
graphene oxide acyl chloride prepared with thionyl chloride may be used to bind to
the amino groups of the thiol. Thionyl chloride is the only reagent needed and can
be easily and completely removed by vacuum distillation before the actual coupling
reaction.
In addition to the nucleoside experiment, these chips were able to bind to ammonia
and some amines. Preliminary results for this experiment are given in Figure 8.3A.
The plot reveals, however, that the sensitivity for aliphatic molecules is much lower
(millimolar range) than for aromatic molecules (micromolar range). The nature of the
binding and possible ways to improve the sensitivity and selectivity have yet to be
examined. Still, these results indicate a possible SPR sensor for amines using SPR.
Figure 8.3. (A) SPR measurement showing the response of immobilized GO to 10 mM of ammonia (1) and different
amines (2: methylamine; 3: ethylamine; 4: dimethylamine; 5: diethylamine; 10 mM each). (B) Sometimes
reagents (hydrazine, ammonia, EDC, NHS) intercalate between the gold and the chromium layer of the
SPR chip. This intercalation peels of the gold surface.
Finally, there are other technical issues that remain unsolved. The gold layer on the
SPR chips is very thin (50 nm). There is a thin chromium layer used as an adhesive
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between the gold layer and the support material (glass). During a reaction, reagents
(hydrazine, ammonia, EDC, NHS) sometimes intercalate between the gold and the
chromium layer. In some cases, however, this results in the release of the gold layer
from the glass (see Figure 8.3B), rendering the substrate useless.
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9 Conclusion and outlook
The syntheses and characterization of graphene oxide and reduced graphene oxide
were closely examined. On the basis of the results, realistic models and schemes were
developed and discussed. Also, the advantages and effects of (reduced) graphene oxide
to be exploited for sensor applications were presented. In summary, these materials
clearly lack the often mentioned high-end properties of pristine graphene. For instance,
the high electron transfer rate is a result of the unmodified and undisturbed crystal
lattice of pristine graphene. However, (reduced) graphene oxide benefits from the
presence of oxygen groups, which allow solution processing and cause several other
convenient effects. It should be emphasized that these features are more important
for sensor applications, while the high-end properties are not needed for this area.
Moreover, these features can be customized by varying the oxidation level.
Chapter 2 presents analytical and sensorial approaches and principles to use (r)GO or
to replace materials by (r)GO in already existing concepts. Novose¨lov et al. mentioned
in one of their last reviews about graphene that “its full power will only be realized
in novel applications” [1]. Of course, this is also true for (reduced) graphene oxide! For
novel applications, (r)GO must be purposefully modified and furthermore character-
ized to completely understand these materials. Only then, features are revealed that
can be utilized for sensor applications.
For instance, the (little-known) pH dependence of the position of the G-peak in the
Raman spectrum of graphene oxide (see Section 5.5) may form the basis for an easy-to-
use pH-test strip. For the following exemplary scenario, it is assumed that the influence
on the position of the G-peak is simple and completely known. The strip itself is made
of graphene oxide paper. A drop of a solution is brought onto this paper and the
Raman spectrum at this position is collected by a small hand-held device (see Ref. 2
for an example device). The pH can be calculated by the position of the G-peak. Since
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an energy level (the position of G-peak) is determined, this method is independent of
the concentration of GO and, with this, it is independent of the homogeneity and the
thickness of the paper strip. Thus, no reference dye as in similar fluorescence methods
is needed. Also, it does not need any calibration step and the excitation wavelength
is switchable to avoid absorption interference. It is easy to expand this concept with
new layers (e.g. hydrogel with enzymes, which change the pH level) to sense other
analytes. Moreover, a modification of GO with an attached receptor could allow a
similar “peak-shift” in response to another analyte such as glucose. Unfortunately,
the deconvolution of the whole Raman spectrum (not only the G-peak) of (r)GO is
complex and not-well understood up to now. Thus, a more detailed investigation of
GO and its modifications is still in demand. The purpose of the exemplary scenario
is to descriptively depict the importance of characterization as a first step on the way
to novel sensor concepts.
Very recently, Dimiev et al. have published an article about a “dynamic structure
model” for GO [3]. In summary, they did not only examine the structure of graphene
oxide but also investigated changes in this structure due to the interaction with water,
acids, bases and NaCl. They revealed that the structure of GO is not a steady state
but, indeed, a dynamic one, which reacts to even (normally) unreactive species such
as NaCl. These results should also emphasize that there are still things to discover,
examine and discuss about the structure of (r)GO.
In conclusion, both graphene oxide and its reduced version are promising materials
with some excellent and advantageous features for sensor applications. These include
solution processing, higher sensitivies for particular analytes, and attraction and dis-
crimination effects (see Section 2.4). Not only will existing sensor concepts benefit
from their properties. Prospectively, also novel concepts based on these materials will
be developed. But, certain issues still have to be discussed and solved. As previ-
ously mentioned, the characterization (“knowing your material”) is not completed yet.
Another issue is concerned with separating educt from product in a large scale appli-
cation. Last, for some applications it might be convenient to use a very small number
of layers (down to 1 or 2), since some properties (electronic transport) depend on this
number. Therefore, a method is in demand to prepare large, thin areas of (r)GO (or
modifications) preferably directly from the solutions.
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10 Summary
This thesis is concerned with the synthesis, characterization and utilization of (re-
duced) graphene oxide (chemically derived graphene) for sensor applications. The
first chapter describes the history of graphene, classifies all members of the graphene
family by convenient definitions, and outlines the motivation and aim of this work.
Chapter 2 discusses several proof of principle and analytical concepts based on different
graphene materials. These concepts point out the chemically derived variants, i.e.
(reduced) graphene oxide, as extremely valuable materials for sensor applications due
to their excellent features. These include solution processing, higher sensitivies for
particular analytes, and attraction and discrimination effects.
Since the materials themselves and their syntheses were only superficially examined,
the following chapters (4-6) provide a detailed investigation of graphene oxide and
reduced graphene oxide. In particular, fluorescence and Raman spectroscopy are dis-
cussed in Chapters 6 and 5, respectively. The results reveal that both materials are
indeed very complex, heterogenous entities. Also, the potential for novel sensor con-
cepts is exhibited. Synthesis mechanisms derived from these investigations are devel-
oped in Chapter 7, which expose the similarly complex chemistry behind the simple
preparation presented in Chapter 3. The mechanisms consist of several convoluted
pathways and reactions.
The last chapter lists and presents sensor concepts developed during this work. In
particular, the basic principles behind a gas sensor for NO2, and an affinity sensor
based on surface plasmon resonance for amines are described.
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